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FOREWORD 


The  tenth  International  Conference  on  Lasers  and  Applications,  Lasers  '87,  was  held  at 
Lake  Tahoe,  Nevada,  December  7-11,  1987.  According  to  the  opinion  of  most  participants, 
the  program  was  solid,  timely,  and  above  all  interesting.  In  addition,  Lake  Tahoe  provided 
all  the  right  ingredients  conducive  to  a  pleasant  atmosphere  where  discussions  on  laser 
science  and  technology  were  stimulated  in  surroundings  perfect  for  skiing  and  amicable 
social  interaction.  To  those  interested  in  statistics,  the  program  of  Lasers  '87  contained 
some  360  papers  and  registered  attendance  was  well  over  500.  This  was  despite  adverse 
weather  conditions. 

International  participation  was  strong  with  the  following  countries  being  represented; 
Australia,  Belgium,  Canada,  China,  England,  France,  Germany,  Israel,  Italy,  Japan, 

Portugal,  The  Netherlands,  Scotland,  Switzerland,  USSR,  and  Yugoslavia.  There  were 
official  delegations  from  Portugal  and  the  USSR.  The  Russian  delegation  included 
scientists  from  the  Kurchatov  Institute  of  Atomic  Energy,  Lebedev  Physics  Institute,  and 
the  General  Institute  of  Physics. 

Traditionally,  this  series  of  conferences  has  emphasized  laser  physics  and  technology. 

As  determined  by  the  scientific  nature  of  the  program,  there  is  no  doubt  that  Lasers  '87 
provided  further  evidence  of  this  emphasis.  Indeed,  a  large  proportion  of  the  papers  in 
the  program  could  be  integrated  in  the  area  of  laser  development.  This  is  evident  by  the 
numerous  and  excellent  sessions  on  topics  ranging  from  VUV  and  x-ray  lasers  to  far  infrared 
lasers.  However,  if  we  consider  the  vigorous  representation  of  sub-fields  such  as  ultra¬ 
fast  phenomena,  nonlinear  phenomena,  spectroscopy,  laser  radar,  laser  medicine,  adaptive 
optics,  and  other  applications,  we  should  conclude  that  the  conference  provides  a  unique 
forum  for  the  review  of  recent  advances  in  quantum  electronics  and  related  fields. 

A  characteristic  of  Lasers  '87  was  a  series  of  superb  plenary  papers.  The  keynote 
address  was  provided  by  Dr.  Marian  0.  Scully,  Distinguished  Professor  of  Physics  and 
Director  of  the  Center  for  Advanced  Studies  at  the  University  of  New  Mexico  and  head  of 
the  Theory  Division  at  the  Max-Planck  Institut  fur  Quantenoptik,  The  paper  by  Professor 
Scully  was  entitled  "Laser  Probes  of  the  Micro  and  Macro  Cosmos."  This  paper  and  other 
plenary  papers  are  included  in  these  proceedings. 

Papers  submitted  to  the  conference  were  reviewed  in  two  stages.  First,  the  papers  were 
promptly  screened  by  the  Program  Chairman  and  then  they  were  sent  to  the  respective 
session  chairman  for  final  approval.  In  cases  of  doubt,  relevant  members  of  the  Program 
Committee  were  consulted. 


In  regard  to  the  proceedings  of  this  series  of  conferences,  it  is  fair  to  indicate  that 
many  of  the  papers  published  in  earlier  editions  enjoy  excellent  quotation  status.  This 
is  particularly  evident  in  the  field  of  laser  development.  This  year,  an  effort  has  been 
made  to  ensure  publication  of  the  Proceedings  of  the  International  Conference  on 
Lasers  '87  in  the  early  part  of  1988.  An  additional  modification  is  the  organization  of 
papers  by  subject  matter  rather  than  by  individual  session.  At  the  end  of  the  proceedings, 
the  transcription  of  the  discussion  on  strategic  defense  is  included. 

The  theme  of  the  panel  discussion  was  "Maturity  of  Laser  Technology  for  Strategic 
Defense."  This  was  a  very  well-attended  event  in  which  every  panel  member  was  given 
approximately  10  minutes  to  outline  his  opinion.  This  was  followed  by  an  intense  and  some¬ 
times  rather  entertaining  question  time.  The  Program  Chairman  is  grateful  to  the  panel 
moderator  Professor  R.  Sproull  and  to  all  the  panelists,  in  particular  Dr.  E.  Teller  and 
Dr.  C.  K.  N.  Patel. 

The  "Lasers  '87  Award"  consisting  of  a  gold-plated  plaque  and  a  cash  prize,  sponsored  by 
EG&G  Princeton  Applied  Research,  was  shared  by  the  following  papers: 

"Phase  Preservation  in  High  Gain  Raman  Amplification" 

B.  W.  Nicholson,  J.  A.  Russell,  D.  W.  Trainor,  T.  Roberts 

(Avco  Research  Laboratory) , 

and  C.  Higgs  (MIT  Lincoln  Laboratory) 

"Photodynamic  Therapy  Using  the  NdiYAG  Laser  and  Q-Switch  II  Dye  as  a  Chemosensitizing 
Agent  for  Human  Fibroblast  Cultures..." 

D.  J.  Castro,  R.  E.  Saxton,  H.  R.  Fetterman,  and  P.  H.  Ward, 

(UCLA  Medical  Center) 

Papers  were  nomina*’eri  by  the  Program  Committee  and  the  selection  process  was  done  by  a 
subcommittee  composed  of  Drs.  M.  Birnbaum,  H.  J.  Caulfield,  F.  J.  Duarte,  L.  Goldman,  and 
R.  C.  Sze.  Papers  by  members  of  the  Program  Committee  were  excluded  from  consideration. 


The  success  of  Lasers  '87  is  due  to  several  factors.  First,  the  active  and  enthusiastic 
participation  of  members  of  the  Program  Committee,  In  particular,  I  would  like  to  thank 
Drs.  R.  R.  Alfano,  J.  J.  Ehrlich,  R.  Gullickson,  S.  Scott,  D.  J.  Spencer,  C.  Turner, 

R.  A.  Walters,  and  R.  W.  Waynant.  In  addition,  we  were  fortunate  to  have  the  support  of 
several  organizations  including  Eastman  Kodak  Company,  EG&G  Princeton  Applied  Research, 
U.S.  Army  Research  Office,  and  U.S.  Air  Force  Office  of  Scientific  Research. 

At  Eastman  Kodak  Company,  I  would  like  to  thank  J.  C.  Kinard  and  Drs.  J.  Merrigan, 

J.  P.  Terwilliger  and  B.  B.  Snavely.  Also,  I  am  grateful  to  the  Eastman  Kodak  Company 
Document  Preparation  Center  for  their  diligent  processing  of  many  manuscripts. 

Finally,  on  behalf  of  the  Program  Committee  of  Lasers  '87,  I  would  like  to  thank 
Kathleen  Corcoran  from  the  Society  for  Optical  and  Quantum  Electronics  for  an  excellent 
performance  in  handling  the  logistics  of  the  conference. 

F.  J.  Duarte 
Program  Chairman 
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Abstract 

It  is  shown  that  a  conventional  laser  gyro  system  can,  in  principle,  serve  as  a  detector  of  gravitational  radiation.  Such 
laser  devices  could  be  quite  sensitive. 


We  show,  contrary  to  prevailing  wisdom,^  that  a  con¬ 
ventional^  Sagnac  ring  laser  gyro  may  be  used  as  a  gravita¬ 
tional  wave  detector.  This  is  of  interest  for  several  reasons. 

First,  as  we  show  in  the  following  paragraphs,  the 
class  of  devices  discussed  could  provide  sensitive  detectors 
of  gravitational  radiation  [see  MTW].^  Furthermore,  op¬ 
tical  inierferometric*  detectors  of  gravitational  radiation 
are  very  sensitive  to  fluctuations  of  the  mirrors®  and  future 
such  detectors  will  even  be  hampered  by  quantum®  uncer¬ 
tainties  of  mirror  position.  As  is  well  known,  ring  laser 
gyro  devices  are  not  so  susceptible  to  this  type  of  random 
noise.  To  see  this,  we  need  only  recall  that  a  laser  gyro¬ 
scope  functions^  by  propagating  two  oppositely  directed 
beams  of  light  around  the  same  optical  path.  These  two 
beams  reflect  from  the  same  mirrors  differing  only  in  their 
directions  of  propagation.  Thus  the  two  optical  trains  ex¬ 
perience  “identical”  phase  shifts  due  to  random  motion  of 
the  mirrors.  The  Sagnac  frequency  shift  between  the  two 
light  beams  is  measured  by  beating  the  counterclockwise 
and  the  clockwise  running  waves  on  a  photodetector  where 
the  heterodyne  cross  term 

e:„e,c.  =  (1) 

measures  the  Sagnac  beatnote  Au  which  is  proportional  to 
the  rotation  rate.  Since  <^c«/  =  4>ccui ,  the  phases  associated 
with  the  stochastic  motion  of  the  mirrors  cancel.  Thus 
we  see  that  the  uncertainties  (classical  or  quantuui)  of  the 
mirror  positions  can  cancel. 

Furthermore,  ultrasensitive®  laser  gyro’s  have  recently 
been  proposed®’*®  for  testing  various  aspects  of  metric 
gravity,  e.g.  the  Lense-Thirring  magnetic  gravity  effect 
and  as  a  means  of  putting  tight  new  constraints  on  the 
PPN  parameter  a  of  preferred  frame  cosmologies. 

Clearly  high  risk-high  payoff  experiments  of  this  type 
become  more  attractive  if  similar  apparati  could  be  used 
for  a  variety  of  measurements,  i.e.  a  single  claso  of  devices 
capable  of  investigating  gravitational  radiation,  magnetic 
gravity  and  cosmology,  etc.,  would  be  of  substantial  in¬ 
terest.  With  these  motivations  in  mind,  we  next  briefly 
consider  those  aspects  of  the  Sagnac  physics  relevant  to 
the  detection  of  gravitational  radiation. 

The  Sagnac  phase  difference  A<i>  between  the  two 
counterpropagating  laser  beams  in  a  ring  gyro  is  given  by 


A<i>=^jj(Vx^do  (2) 

^  is  the  laser  wavelength  divided  by  2x,  and  the  vector  g 
is  formed  from  the  time-space  components  of  the  metric, 
i  e.,  Qoi. 

Let  us  proceed  to  calculate  the  metric,  and  therefore 
the  g  vector  for  the  case  of  a  gravitational  wave  traveling 
in  the  Xo  direction  while  the  gyro  is  rotating  about  the  2o 
axis  as  depicted  in  Fig.  1.  In  such  a  situation  we  may 
write  the  metric  for  the  gravitational  wave  as 

0  0  ■ 

^  j  hsin[ut  —  kxo)  (3) 

.0  -1. 

h  denotes  the  gravity  wave  amplitude.  Transforming  into 
a  frame  rotating  at  a  rate  D,  the  metric  for  the  gravity 
wave  driven  gyro  yields  g,  which  is  found  to  be 


where  the  wave  vector  in  the  rotating  frame  is 

k  =  =  (fccosrif,  — fesinflt) 

X  and  y  are  coordinates  meeisured  in  that  frame. 

Upon  inserting  Eq.  (4)  into  Eq.  (1)  and  carrying  out 
the  integration  we  find  the  phase  difference  between  the 
counter  propagating  waves  to  be  given  by** 
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We  note  that  when  the  wavelength  of  the  gravitational 
radiation  is  large  compared  to  typical  gyro  dimensions,  i.e. 
ka  and  kb  are  small  compared  to  unity,  Eq.  (5)  reduces  to 

.  ,  16a6n  SabVlh  .  ,  , 

»agnac  g—wav« 

Thus  we  see,  from  Eqs.  (5)  and  (6),  that  a  ring  laser 
gyro  could,  in  principle,  be  used  as  a  gravity  wave  detec¬ 
tor.  However,  ring  laser  gyros  have  not  been  previously 
considered  as  gravity  antennas  since  it  was  thought  that 
the  sum  of  the  influence  of  a  gravity  wave  on  the  various 
legs  of  the  ring  would  cancel. 

Rather  than  physically  rotating  the  ring  laser  it  is 
experimentally  much  more  efflcacious  to  use  a  nonrecipro¬ 
cal  element  (or  some  other  optical  technique)  to  break  the 
synametry  between  the  cw(-f)  and  ccw(-)  running  waves. 
This  will  be  discussed  in  a  future  paper. 
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Figure  1:  Gravitational  wave  propagating  in  Xo  direction  driving  laser  gyro  of  side  2a  along  x  axis 
and  2b  along  y  axis,  rotating  in  counterclockwise  sense  with  rate  fl.  The  counterpropagating  waves 
impinge  on  heterodyne  detector  which  measures  frequency  difference  between  counterpropagating 
waves  and  thus  the  rotation  rate. 
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Abstract 

Most  laser  applications  require 
precisely  controlled  light.  We  often  find 
that  the  amplitude,  frequency,  and 
polarization  of  a  laser  randomly  fluctuate. 
This  limits  the  laser's  utility.  Laser 
noise  is  frequently  the  result  of  outside 
disturbances  and  random  perturbations. 
This  paper  reveals  another  source;  erratic 
behavior  can  arise  from  the  dynairdcs 
intrinsic  to  all  laser.  Laser  theory 
predicts  such  behavior  only  if  we  retain 
coherence  in  the  dynamics.  We  review  the 
basic  principles  of  how  light  and  matter 
interact  and  develop  both  the  coherent  and 
non-coherent  theories.  In  a  laser,  two 
types  of  changes  occur  to  the  gain  material 
due  to  its  interaction  with  the  optical 
field.  The  static  gain  saturates  and  the 
dynamic  damping  rates  of  the  gain  medium 
change.  This  paper  compares  and  contrasts 
the  coherent  and  non-coherent  theories  and 
discusses  the  onset  of  instabilities  in  a 
simple  homogeneously  broadened  laser. 

Introduction 

How  does  a  laser  work?  We  all  know  the 
answer.  Or  do  we?  On  my  bookshelf  alone, 
I  count  seventeen  textbooks  with  Laser  as 
the  primary  title.  These  books  discuss 
many  laser  systems — gas  lasers,  solid-state 
lasers,  dye  lasers,  diode  lasers,  and  free- 
electron  lasers.  All  lasers  amplify  light 
by  exploiting  stimulated  emission. 
Clearly,  the  diversity  of  laser  systems 
shows  that  we  understand  the  principles  of 
laser  physics.  A  rational  conclusion  is 
that  laser  theory  is  a  mature  topic;  no  new 
fundamental  progress  is  possible. 
Engineers  and  scientists  need  only  to 
develop  the  technology  that  will  optimize 
the  gain  and  performance  of  a  given  laser 
system.  This  pragmatic  viewpoint  is 
partially  true.  We  do  understand  the 
quantum  mechanical  interactions  that  are 
necessary  for  optical  gain.  Unfortunately, 
we  often  neglect  an  important  component, 
namely  coherence,  when  we  model  the 
dynamics  of  a  laser.  The  absence  of 
coherence  in  the  dynamical  model  leads  to 
false  conclusions  about  the  laser's 
linewidth,  noise  spectrum,  and  stability. 
Experimentally,  we  may  therefore  strive  to 
achieve  the  impos!-;ible . 

Maiman's  demonstration  of  the  ruby 
laser*  in  1960  verified  the  theoretical 
predictions  of  Schawlow  and  Townes.*  Still 


today,  laser  technology  continues  to  grow 
and  mature.  We  find  lasers  at  work  in 
factories  welding  cars,  in  hospitals  curing 
cancer,  and  in  homes  playing  music.  With 
this  long  and  fruitful  history,  a  pragmatic 
person  will  ask  several  questions;  Why 
should  laser  theory  be  a  hot  topic?  Is  new 
fundamental  progress  being  made?  Who 
cares?  These  questions  deserve  answers;  in 
course,  the  answers  raise  new  questions. 

Noise  and  Instabilitiea 

Maiman's  first  laser  opened  a  pandora's 
box.  Although  the  pumping  pulse  varied 
smoothly,  the  output  of  his  ruby  laser 
consisted  of  a  random  train  of  spikes. 
Dynamically,  the  ruby  laser  was  "noisier 
chan  it  should  be."  Subsequent 
experimental  observation  of  other  lasers 
systems  gives  evidence  that  this  "noisier 
than  expected"  conclusion  is  the  general 
rule.  This  is  all  to  familiar  to  anyone 
who  has  built  a  laser.  What  is  the  origin 
of  this  noise  and  erratic  behavior?  A 
complete  answer  to  this  question  depends  on 
the  specifics  of  a  given  laser  system. 
Nevertheless,  we  can  sepr.rate  the  sources 
of  erratic  behavior  into  three  classes: 
stochastic,  technical,  and  intrinsic. 

Stochastic  sources  of  noise  are  non- 
controllable ,  random  process.  An  example 
is  spontaneous  emission,  which  occurs  in 
all  lasers.  In  addition,  this  class 
includes  such  process  as  collisions  between 
molecules  in  gas  lasers.  Technical  noise 
sources  are  either  controllable  or 
avoidable.  Cost,  environment,  and  design 
determine  their  contribution.  Technical 
noise  sources  include  mechanical 
vibrations,  impurities,  pump  noise,  and 
thermal  drift.  In  addition,  spatial  hole 
burning  and  spectral  hole  burning  are 
technical  noise  sources.  We  can  eliminate 
these  two  contributions  by  using  a 
unidirectional  ring  cavity  and  by  choosing 
a  homogeneously  broadened  gain  media. 

The  final  source  of  erratic  behavior  is 
the  intrinsic  dynamics  that  govern  the 
laser.  Mathematically,  we  model  a  laser's 
dynamics  with  coupled  nonlinear 
differential  equations.  How  can  this 
deterministic  physics  be  a  source  of  noise? 
This  question  is  the  key  to  why  laser 
theory  is  now  a  hot  topic.  A  1966  paper  on 
quantum  fluctuations  by  Haken*  furnished 
the  first  clue.  Haken  found  that  power 
fluctuations  grow,  or  are  unstable,  when 
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the  light  intensity  is  above  a  critical 
value.  A  few  years  later,  Risken  and 
Nummedal^  published  a  semiclassical  model 
that  shows  this  same  instability.  Most 
notable  is  that  these  papers  treat  the  full 
coherent  dynamics  or  Ma xw e 1 1 - B loch 
equations.  Previous  theories  dealt  with 
only  the  non-coherent  population  rate 
equations,  which  fail  to  predict  this 
instability.  Unfortunately,  the  majority 
of  the  technical  laser  community  overlooked 
this  work. 

Risken  and  Nummedal  attributed  their 
instability  to  the  onset  of  self-mode¬ 
locking  of  lasers. <  In  1975,  Haken* 
expanded  the  dynamical  significance  of  the 
instability.  He  demonstrated  that  the 
Maxwell-Bloch  equations  for  a  single-mode 
laser  are  equivalent  to  equations  studied 
by  Lorenz.*'  Lorenz's  equations  model 
hydrodynamic  flow.  They  are  of  physical 
interest  because  they  predict  turbulent  or 
chaotic  flow.  By  analogy,  we  pose  the 
question:  Can  the  unexplained  noisy 

behavior  of  a  laser  be  chaotic  dynamics? 
This  is  where  new  fundamental  progress  in 
laser  theory  is  being  made.  History  of 
this  development  is  in  review  articles  by 
Abraham  et  al.''-"  and  Casperson.’  Special 
issues  of  journals , ‘ 0 ■ ‘ ‘  conf erences , ‘ ^ ^ 
and  books*  <  ■  i  s  •  *  &  discuss  the  recent 
progress  in  the  field. 

Lioht-Matf  r  Interactions 

In  the  preceding  section,  we  made  the 
comment  that  coherence  is  the  key 
ingredient  for  describing  erratic  laser 
dynamics.  It  is  the  purpose  of  this  paper 
to  compare  and  contrast  coherent  and  non¬ 
coherent  laser  theories.  We  will  explain 
the  physical  origin  of  coherent  laser 
instabilities.  We  limit  the  discussion  to 
an  ideal  laser,  one  that  has  no  technical 
noise  sources.  We  therefore  present  only 
the  role  of  intrinsic  dynamics,  which  are 
present  in  all  lasers. 

Light  Propagation 

Before  undertaking  the  prescribed  task, 
let  us  recall  a  few  elementary  principles 
about  light-matter  interactions.  The  first 
principle  arises  from  everyday 
observations  —  matter  affects  the 
propagation  of  light.  One  of  the  greatest 
achievements  in  physics  is  the  work  of  J. 
C.  Maxwell.  We  all  know  that  Maxwell's 
equations  describe  how  electromagnetic 
waves  propagate.  For  non-magnetic 
dielectric  materials.  Maxwell's  equations 
reduce  to  a  single  equation  for  the 
electric  field, 

1  4‘ff  •• 

7’l(r,t)  -  ±5-  B(r,t)  =  If  P(r,t)  ,  <1) 

where  P(r,t)  is  the  polarization  density  of 
the  material.  The  atomic  properties  of  the 
material  determine  the  relationship  between 
P(r  ,  t)  and  B(r , t) . 


For  a  planewave  traveling  in  the  z- 
direction,  we  can  express  the  electric 
field  as, 

B(r,  t)=2;?el£(z,  t)  (  z  ,  t)  ]  ^ 

Upon  propagation,  the  amplitude,  £(z,t), 
and  the  phase,  J(z,t),  of  the  field  can 
change.  Variation  in  the  amplitude  equates 
to  either  loss  or  gain;  the  phase  change  is 
dispersion.  In  a  non-coherent  model  only 
amplitude  changes,  or  the  absorption  and 
emission  of  photons,  enter  the  dynamics. 
Coherent  theory  dynamically  includes  both 
amplitude  and  phase. 

Atomic  Dynamics  of  Matter 

Our  next  objective  is  to  understand  how 
light  acts  upon  the  matter.  We  rely  upon  a 
simple  model  based  on  atomic  physics.  Our 
material  consists  of  an  ensemble  of  non¬ 
interacting  atoms.  Furthermore,  we  assume 
homogeneous  broadening  and  that  all  atoms 
are  alike.  With  this  model,  the  task  is  to 
find  the  induced  polarization,  which 
appears  in  Eq. (1) . 

Classical  Theory  of  Resonance.  Around 
1900  before  the  invention  of  quantum 
mechanics,  Lorentz  published  an  atomic 
model  describing  resonant  interactions  of 
light  and  matter.*’  Atoms  consist  of  a 
positively  charged  nucleus  surrounded  by 
negatively  charged  electrons.  A  net 
separation  of  the  electrons  from  the 
nucleus  results  in  the  generation  of  a 
microscopic  dipole.  Lorentz  assumed 
elastic  binding  between  the  electrons  and 
nucleus.  By  combining  Newtonian  mechanics 
with  electromagnetic  forces,  Lorentz  found 
that  the  atomic  dipoles  behave  like  driven 
harmonic  oscillators.  Hence,  the 
polarization  induced  by  the  electric  field 
obeys  the  equation 

V(r,t)+  ^  i(r,t)+  w*P(r,t)=  g  B(r,t).  (3) 
Ta 

Equations  (1)  and  (3)  form  the  basis  for 
the  classical  theory  of  resonant  absorption 
and  dispersion  of  light.  This  linear 
theory  describes  properly  the  coherent  or 
wave  aspects  of  light-matter  interactions. 
With  slight  modifications  in  the  electron's 
binding  potential,  this  theory  becomes  a 
basis  for  nonlinear  optics.  The  failure  of 
this  theory  is  that  it  does  not  describe 
the  quantum  or  particle  aspects  of  the 
interaction . 

Quantum  Theory  of  Resonance:  Non¬ 
coherent  Theory.  In  quantum  theory,  we 
again  deal  with  the  concept  of  resonant 
interactions;  however,  the  physical  picture 
is  different.  We  divide  the  interaction 
into  two  parts.  First,  we  treat  the  atomic 
system  of  charged  particles  with  coulomb 
interactions,  but  ignore  any  possible 
radiation.  Secondly,  we  consider  the 

dynamics  that  result  when  the  radiation 
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part  of  the  field  interacts  with  the  atom. 
For  the  present  purpose,  we  need  only 
consider  a  single  electron  orbiting  a  fixed 
nucleus.  Quantum  mechanics  tells  us  that 
the  electron  will  only  exist  in  special 
stationary  states.  Each  state  has  a 

specific  energy.  The  radiation  field 
causes  the  electron  to  undergo  quantum 
transitions.  The  state-of-the-electron 
changes  through  the  absorption  and  emission 
of  photons.  Three  processes  describe  the 
dynamics;  stimulated  emission,  stimulated 
absorption,  and  spontaneous  emission. 
These  processes  are  resonant,  in  that  the 
energy  of  the  photon  equals  the  energy 
change  of  the  electron's  state. 

A  laser  works  by  exploiting  stimulated 
emission.  We  limit  our  discussion  to  the 
case  where  the  laser  field  is  only  resonant 
with  a  single  transition.  This  is  the  two- 
level  approximation.  We  denote  the  upper 
state,  |2>,  and  the  lower  state,  |1>-  To 
achieve  optical  gain,  the  rate  of 
stimulated  emission  must  be  greater  then 
the  rate  of  stimulated  absorption.  This 
means  that  the  population  density  of  atoms 
in  the  upper  state,  N2  ,  must  be  greater 
than  that  in  the  lower  state,  M  .  It  is 
the  inversion,  the  difference  between  the 
two  populations,  that  determines  the  gain. 


physics.  Lasers  instabilities  can  emerge 
from  the  intrinsic  interaction  between  a 
two-level  resonance  and  a  resonant  optical 
field.  By  necessity,  this  interaction 
occurs  in  all  lasers. 

Quantum  Theory  of  Resonance:  Coherent 
Theory .  Up  to  this  point,  coherence  is 

absent  in  our  quantum  picture.  Where  is 
the  induced  polarization  that  drives 
Eq.(l)?  This  question  requires  us  to 
rethink  the  absorption  and  emission 
process.  Although  it  is  the  basis  for  much 
of  our  intuition,  the  photon  picture 
conceals  the  important  coherent  or  wave 
aspects  of  the  interaction. 

Recall  that  aantum  mechanics  yields  the 
stationary  states  for  the  electron. 
Associated  with  each  state  is  a 
wavef unction :  a  solution  to  the  time- 
independent  Schrodinger  equation.  We 
interpret  the  squared  modulus  of  the 
wavefunction  as  the  probability  density  of 
the  electron's  position.  Loosely  speaking, 
the  electron  distributes  itself  around  the 
nucleus.  Figure  (2)  illustrates  two 
possible  wavef unctions .  The  atomic  charge 
distribution  has  no  dipole  moment  when  the 
electron  is  in  one  of  its  stationary 
states . 


Inversion:  W  =  Ni  -  Ni  (4) 

To  create  a  population  inversion,  one  must 
employ  a  pumping  scheme  that  involves  other 
levels.  Figure  (1)  depicts  a  pumping 
method  that  uses  four  levels.  The  pumping 
is  important  in  determining  the  overall 
efficiency  and  dynamics  of  a  laser. 
Nevertheless,  we  will  drop  the  pumping 
dynamics  in  our  model  and  deal  with  an 
ideal  two-level  system.  This  fundamental 
model  contains  the  basic  and  necessary 


When  a  radiation  field  interacts  with 
the  atom,  the  electron's  wavefunction 
changes  according  to  the  time-dependent 
Schrodinger  equation.  The  electron  is  n"^ 
longer  exactly  in  one  quantum  level  or 
another.  Rather,  it's  wavefunction  is  a 
quantum-state  mixture  or  superposition.  An 
example  of  a  mixed-state  wavefunction 
appears  in  Fig. (2).  In  this  superposition 

Electron  Charge 

Havefunction  Distribution 
fix.t)  \f(x,t)\* 


Fig.  1.  Two-level  laser  approximation. 

Only  the  |2>  to  |1>  transition  interacts 
resonantly  with  the  laser's  field.  Real 
lasers  systems,  such  as  the  4-level  laser, 
use  other  levels  to  pump  the  gain  medium 
into  level  |2>  thereby  creating  an 
population  inversion.  We  model  this  with 
an  effective  pumping  process  that  transfers 
population  from  level  |1>  to  |2>- 


Fig.  2.  Quantum  picture  of  the  coherent 
dipole.  We  illustrate  two  wavef unctions 
for  an  electron  in  state  |1>  and  |2>.  In 
both  cases  the  charge  distribution  is 
symmetric  about  the  nucleus.  The  quantum 
mixing  of  the  two  state  by  the  radiation 
field  results  in  charge  distribution  with  a 
net  dipole  moment.  The  dipole's  resonance 
is  at  the  transition  frequency. 


state,  the  distribution  of  the  electronic 
charge  is  asymmetric  about  the  atom's 
nucleus.  This  charge  separation 
corresponds  to  a  classical  microscopic 
dipole.  For  a  two-level  system,  the 
dynamical  evolution  of  the  polarization  and 
inversion  follow  the  equations, 

£(r,t)+^  &(r,t)+u2p(r,t)=-g(/(r,t)E(r,t)  (5) 

and 

{/(r  ,  t )  =--i-&(r  ,  t)  .B(r  ,  t)  -^[f/(r  ,  t)  -  W,  q  )  (6) 

nwa  Ti 


We  note  that  Eg.  (5)  is  identical  tc 
Lorentz's  equation  <3>  ,  except  that  the 
coupling  to  the  field  depends  on  the 
inversion.  In  fact,  the  quantum  picture 
shows  that  the  atoms  coherently  radiate 
like  a  collection  of  classical  dipole 
oscillators.  In  Eq.{6),  we  model  the 
pumping  by  specifying  a  value  for  Ms  q ;  this 
determines  the  uasaturated  gain.  Equations 
(1)  ,  (5)  ,  and  (6)  form  the  basis  of 

coherent  laser  theory.  They  are  the  most 
elementary  description  of  resonant  light- 
matter  interactions. 

A  simple  connection  exist  between  the 
coherent  and  non-coherent  quantum  theories. 
In  many  systems,  the  damping  time  of  the 
polarization,  Ti  ,  is  much  less  than  the 
lifetime  of  the  inversion,  Ti  .  The 
polarization  then  adiabatically  follows  the 
inversion  and  field.  We  approximate  the 
polarization  by  replacing  the  dynamical 
equation  (5)  with  the  constitutive 
relationship  for  its  complex  amplitude, 

|lr,t)  =  Xlw)  W(r,t)  £(r,t)  (7) 

In  Eq.  (7),  is  the  complex  electric 

susceptibility  due  to  the  resonance.  The 
atomic  dynamics  and  optical  gain  then 
depends  only  on  the  inversion,  namely, 

^(r,t)=-^W(r,t)  I(r,t)-^[W(r,t)-W,q  ]  ,  (8) 

'T’ .  —  n*. 


where  I(r,t)  is  the  intensity  of  the 
optical  field.  Equations  (1),  (7),  and  (8) 

are  the  basis  for  non-coherent  laser 
theory . 

DtdmiIcb 

By  laser  dynamics,  we  mean  the  time 
evolution  of  the  optical  field  and  the  gain 
material.  This  also  includes  the  reaction 
of  the  laser  system  to  noise  sources.  The 
dynamics  establish  the  amplitude  stability 
and  spectral  purity  of  the  output  field. 
These  parameters  affect  the  sensitivity, 
reliability,  and  performance  of  devices 
that  use  laser  light.  We  obtain  the 
dynamics  by  self -consistently  solving  the 
equations  that  describe  the  matter-light 
interaction.  In  general,  this  is  a 


formidable  task  best  left  to  computer 
simulation.  Every  laser  system  will 
present  a  different  set  of  technical 
problems.  We  therefore  limit  our 
discussion  to  the  bare-bone  model  of  an 
ideal  homogeneously  broadened  ring  laser. 

Fe  edback  Osc  i J,  1  at  or  s 

Dynamically,  how  do  the  coherent  and 
non-coherent  laser  theories  differ?  We 
examine  this  question  by  noting  that  the 
laser  is  an  optical  feedback  oscillator. 
Its  operation  principle  is  like  any 
electronic  feedback  oscillator-- 
amplif ication  plus  positive  feedback  equals 
oscillation.  To  illustrate  this,  we 
consider  a  ring  cavity  as  shown  in  Fig. (3). 
The  gain  medium  amplifies  the  light;  the 
cavity  mirrors  supply  the  feedback.  The 
length  of  the  cavity  and  the  material 
dispersion  determine  the  positive  feedback 
frequencies.  We  call  this  set  of 
frequencies  the  laser's  modes. 

The  basic  operation  of  a  laser  is 
simple.  A  pumping  process  excites  the  gain 
medium  and  creates  a  population  inversion. 
This  sets  a  value  for  We  q  in  Eqs.(6)  and 
(8)  and  establishes  the  gain.  The  gain 
medium  amplifies  optical  fields  with 
frequencies  near  the  transition  resonance. 
The  inverse  of  the  polarization  decay 
time.d/Tz),  sets  the  bandwidth  of  optical 
gain.  Coherent  optical  oscillation  grow 
when  the  gain  at  a  modal  frequency  is 
greater  than  the  total  round-trip  loss. 
This  is  the  well-known  threshold  condition 
for  a  laser.  The  lasing  threshold  is  the 
same  for  both  the  coherent  and  non-coherent 
theories . 


Pump 


z  = 

N 

=  0 

r.. 

1 - 1 

-■1 

Gain  Medium 

Amplification:  E(I,t)  =  GIE(0,t-^)l 


Feedback:  E(0,t)  =  /R  E(i,t-i^) 


Fig.  3.  The  parts  of  a  simple  ring  laser. 

The  gain  medium  amplifies  the  field;  the 
cavity  furnishes  feedback.  The  laser  is 
therefore  an  optical  feedback  oscillator. 
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In  all  feedback  oscillators,  non- 
linearities  of  the  amplifier  eventually 
limit  the  growth  and  amplitude  of  the 
oscillations.  The  amplification  process  in 
a  laser  is  self -limiting  because  the  light 
actively  modifies  the  response  of  the  gain 
material.  We  group  these  nonlinear  changes 
into  two  categories:  static  and  dynamic. 

Static  Change:  Saturation 

As  the  intensity  of  the  optical  field 
increases,  the  gain  of  the  material 
decreases.  We  refer  to  this  static  change 
as  saturation.  The  gain  saturation  results 
from  quantum  transitions  between  the  upper 
and  lower  levels  due  to  stimulated 
emission.  This  lowers  the  population 
inversion  and  hence  the  static  gain.  When 
the  saturated  gain  is  equal  to  the  round- 
trip  loss,  no  further  growth  in  optical 
field  is  possible.  Gain  saturation 
therefore  stabilizes  the  amplitude  of  the 
light  in  the  cavity.  Again,  we  find  that 
the  stationary  predictions  of  the  coherent 
and  non-coherent  theories  agree.  In  this 
stationary  state,  an  ideal  homogeneously 
broadened  laser  oscillates  at  a  single 
optical  frequency.  An  increase  in  the  pump 
or  excitation  rate  leads  to  a  proportional 
growth  in  the  light  intensity.  Does  the 
single-frequency  oscillation  remain 
dynamically  stable  at  higher  pumping  rates? 
According  to  many  textbooks,  an  ideal 
homogeneously  broadened  laser  will  only 
oscillate  at  a  single  frequency.'"  This 
conclusion  is  wrong;  It  is  this  prediction 
about  the  dynamical  stability  where  the 
coherent  and  non-coherent  theories 
disagree . 

Dynamic  Change :  Atomic  Damping 

What  determines  the  stability  of  a 
single-frequency  laser  oscillator?  The 
theory  of  feedback  oscillators  provides  the 
answer.  The  time  dynamics  of  an  oscillator 
consists  of  two  parts,  the  stationary 
oscillation  (i.e.  steady  state)  and  the 
decay  of  transients.  A  feedback  oscillator 
is  stable  if  the  gain  at  all  frequency 
except  one  is  less  than  the  round-trip 
loss.  Only  one  frequency  or  mode 
oscillates,  the  others  decay.  This  same 
conclusion  is  true  for  a  single-frequency 
laser.  To  answer  the  question  of 
stability,  we  therefore  must  determine  the 
gain  at  other  optical  frequencies.  This 
problem  is  the  same  as  finding  the  gain  of 
probe  field  in  a  pump-probe  experiment.*’ 
The  field  of  the  laser  is  the  pump,  other 
fields  that  satisfy  the  c avi ty- bounda ry 
conditions  are  the  probes.  We  refer  the 
reader  to  other  papers  for  the  specific 
details  on  this  calculation '  In  this 
paper,  we  examine  only  the  dynamical 
difference  between  the  coherent  and  non¬ 
coherent  theories. 

Electrical  engineers  describe  the 
behavior  of  an  amplifier  by  its  frequency 
response  or  transfer  function.  For  a 


fixed-frequency  input,  the  amplifier  will 
either  amplify  or  attenuate  the  signal's 
amplitude.  We  can  quantify  the  frequency 
dependence  of  the  transfer  function  with 
its  complex  poles.  The  poles  characterize 
the  decay  rate  of  transients,  or  how  the 
amplifier  relaxes  to  its  stationary 
response.  It  is  the  poles  of  the  amplifier 
and  the  feedback  network  that  determine  the 
stability  of  a  feedback  oscillator.  In  a 
laser,  the  atomic  relaxation  rates  fix  the 
poles  of  the  optical  amplifier  and 
therefore  determine  the  laser's  stability. 

Non-Coherent  Theory .  Even  though  the 
coherent  and  non-coherent  theories  predict 
the  same  stationary  oscillation,  their 
decay  to  this  state  is  dynamically  very 
different.  In  figure  (4),  we  give  block 
diagrams  that  represent  a  laser  feedback 
oscillator.  In  addition  to  gain 
saturation,  the  strong  monochromatic  field 
in  the  laser  dynamically  alters  the  decay 
rates  of  the  gain  medium.  This  actively 
alters  the  response  of  medium  to  other 
optical  fields.  In  the  non-coherent 
Theory,  there  is  only  one  decay  constant, 

X  =  ^  [  1  +  Xo]  .  (9) 

We  obtain  this  decay  rate  from  Eq.(7).  For 
a  fixed  field  intensity,  the  population 
inversion  exponentially  decays  to  its 
stationary  value.  The  damping  rate 
increases  as  the  intensity,  lo ,  increases. 
The  non-coherent  amplifier  has  a  simple 
real-value  pole.  Because  of  this,  the  non¬ 
coherent  theory  predicts  that  the  laser  is 
always  stable.  When  we  solve  the  matter 
and  field  equations  self-consistently ,  the 
non-coherent  theory  does  predict  relaxation 
oscillations.  These  transient  oscillations 
always  decay  leaving  the  single-frequency 
oscillation.  To  persist,  relaxation 
oscillations  require  a  noise  source;  this 
noise  is  absent  in  our  ideal  model. 

Coherent  Theory.  In  the  coherent 
theory,  a  second  order,  Eq.(5),  and  a  first 
order,  Eq.  (6)  ,  differential  equations 
describe  the  gain  medium.  We  can  transform 
these  equation  to  three  coupled  first  order 
equations.  The  new  set  of  equations  are 
the  Optical  Bloch  Equations."*  Since  three 
degrees-of-f reedom  describe  the  gain,  there 
are  three  characteristic  decay  rates.  The 
coherent  optical  amplifier  therefore  has 
three  poles.  As  before,  these  decay  rates 
are  intensity  dependent.  We  obtain  the 
three  poles  by  finding  the  roots  of  a  cubic 
polynomial  whose  coefficients  depend  on  the 
field  intensity. 

The  question  of  the  laser's  stability  is 
now  the  same  as  a  feedback  oscillator  with 
a  three  pole  amplifier,  as  pictured  in 
Fig. (4).  One  of  the  decay  rates  is  always 
real;  however,  the  other  two  poles  can  be 
complex.  We  identify  these  two  poles  with 
a  resonance  in  the  amplifier.  The  decay 
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Population  Rate  Equation 


Fig.  4.  Block  diagrams  for  the  feedback 
oscillators.  The  amplifier  for  the  non¬ 
coherent  theory  has  simple  real  pole.  The 
coherent  theory's  amplifier  has  three 
poles.  This  amplifier  has  a  field  induced 
resonance  at  the  Rabi  frequency.  Resonant 
amplification  occurs  when  a  probe  field's 
detuning  is  equal  to  the  Rabi  frequency. 


dynamics  associated  with  this  resonance  is 
like  the  transient  decay  in  a  harmonic 
oscillator.  At  large  intensities,  the 
resonance  becomes  proportional  to  the 
am.plitude  of  the  laser's  electric  field. 
We  call  the  frequency  of  this  field-induced 
resonance,  the  Rabi  frequency.  Physically, 
the  Rabi  frequency  is  a  measure  of  the 
interaction  or  coupling  energy  between  the 
gain  medi  ..m's  resonance  and  the  optical 
field. 

In  the  stability  analysis  cf  a  single¬ 
frequency  laser,  we  treat  the  non-lasing 
modes  as  probe  fields.  The  gain  medium’s 
induced  resonance  profoundly  alter  the 
optical  gain  of  these  probe  fields. 
Resonant  excitation  occurs  when  the 
detuning  of  a  probe  field  from,  the  lasing 
frequency  is  equal  to  the  Rabi  frequency. 
The  optical  gain  at  this  frequency  can  be 
greater  than  gain  at  the  lasir  :  frequency. 
The  amplitude  of  this  probe  field  will 
therefore  grow;  the  s i n g 1 e - f i e q u e n cy 
oscillation  is  unstable! 

Concluaions 

The  instability  fo.^nd  in  the  coherent 
theory  is  intrinsic  to  a  laser's  dynamics. 
Only  the  coherent  nonlinear  interactions 
between  an  atomic  resonance  and  the  optical 
field  are  necessary.  When  does  this 
instability  occur?  We  find  a  definite 


answer  for  exact  resonance,  which  means  the- 
laser's  frequency  and  atomic  resonance  are 
equal.  The  instability  can  occur  when  the 
laser's  pu-mping  rate  is  nine  times  above 
lasing  threshold  rate.  Mode  pulling  and 
detuning  lowers  this  value.* -  In  addition, 
technical  noise  lowers  the  instability 
threshold.  Computer  simulation  shows  that 
the  instability  is  hard  or  bistable.  Once 
unstable,  the  laser  does  not  return  to  its 
single-frequency  ^tate  upon  decrease  of  the 
pumping  race.  Noise  therefore  can  drive 
the  laser  into  the  unstable  regire. 

What  are  the  laser's  dynamically 
characteristics  when  the  single-frequency 
operation  is  unstable?  How  dees  noise 
effect  the  stability  and  dynarics?  TheS‘- 
are  current  research  questions.  Computer 
simulations  find  regular  pulsed  .solution, 
bichro.t.  .atic  solutions,  and  cnaotic 
solutions.  The  whole  nature  of  the 
s-'  tions  Change  as  we  vary  the  atomic 
re^jxation  times,  tn*:  -avity  round-trip 
time,  and  t.ne  cavity  losses.  The  choice  of 
initial  conditions  in  these  numerical 
studies  IS  im.portant  since  .m ul t  i-s  t ab le 
solutions  are  possible.  It  is  clear  that 
lasers  can  operate  in  m.any  states,  only  a 
few  well  understood.  In  addition,  many 
lasers  systems  do  not  fit  the  si.-.ple  two- 
level  model.  This  includes  gain  media 
where  stimulated  em.ission  occurs  between 
bands  of  levels.  Example  include  the 
vibrational  -  rotational  bands  cf  molecular 
dye  lasers^''  and  the  conduction  and  valence 
band  of  diode  lasers.- ''  As  we  strive  to 
tame  the  erratic  behavior  of  our  lasers,  we 
need  to  keep  in  mind  the  important  rcle 
coherence  plays  in  tneir  dynamics. 
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Ahst  rant 


Lasers  provide  nearly  ideal  systems  for  quanitative  investigations  of  deterministic 
nonlinear  dynamics.  Aspects  of  these  developments  in  regard  to  instabilities  and  chaos  in 
single  mode  lasers  are  discussed  for  both  2  and  5-level  systems 

Introduct ion 


Since  its  advent  more  than  a  quarter  of  a  century  ago,  the  laser  has  evolved  as  a 
unique  device  for  both  fundamental  investigation  and  applications  in  optical  science  and 
technology.  In  providing  a  coherent  and  intrinsically  stable  emission,  lasers  are 
fundamentally  different  from  conventional  light  sources  for  which  the  excited  atoms  (or 
molecules)  emit  spontaneously  resulting  in  a  signal  comprising  a  statistical  average  of 
random  or  uncorrelated  emissions.  However  the  conventional  concept  of  laser  emission  as 
an  ordered  and  time  invariant  process  provides  a  description  of  but  one  aspect  of 
operation.  Motivated  by  profound  mathematical  discoveries  in  recent  years  which  have 
revolutionised  our  understanding  of  nonlinear  science,  it  has  since  been  found  that  lasers, 
along  with  many  other  nonlinear  systems  in  a  wide  range  of  sciences,  exhibit  a  rich 
variety  of  dynamical  behaviour  which  are  common  features  of  their  operation.  As  well  as 
exhibiting  regular  and  repeatable  behaviour,  these  systems  also  exhibit  unstable,  even 
chaotic,  solutions.  Furthermore  the  transition  from  stable  to  chaotic  behaviour,  on 
varying  a  control  parameter  of  the  system,  e.g.  in  a  laser,  cavity  tuning,  excitation, 
etc.,  follows  specific,  well  defined  routes  of  temporal  or  dynamical  behaviour  which  are 
universal  in  the  sense  that  they  are  independent  of  the  physical  properties  of  the  system 
they  describe.  It  is  these  signatures  which  have  been  a  major  impetus  to  experimentalists 
in  the  subsequent  search  for  physical  systems  that  exhibit  these  phenomena. 

The  recent  exciting  discovery  that  lasers  exhibit  such  deterministic  instabilities  is 
particularly  significant  since  they  provide  nearly  ideal  systems  for  quantitative 
investigations  due  to  their  simplicity  both  in  construction  and  in  the  mathematics  that 
describe  them.  Following  a  brief  overview  of  nonlinear  dynamics,  aspects  of  these 
developments  in  regard  to  instabilities  and  chaos  in  single  mode  lasersare  discussed  lor 
both  2  and  5-level  systems. 

General  Aspects  of  Nonlinear  Dynamics 

Unlike  linear  systems,  nonlinear  systems  must  be  treated  in  their  full  complexity,  and 

there  is  no  general  a na 1 y t i ca 1 app r oach  for  solving  them. 

The  temporal  evolution  in  the  behaviour  of  such  systems  can  be  characterised  when 

presented  as  a  trajectory  of  a  point  in  the  phase  space  of  its  dynamical  variables.  If  an 

initial  condition  of  a  dissipative  nonlinear  dynamical  system  such  as  a  laser  is  allowed 
to  evolve  for  a  long  time,  the  system,  after  all  the  transients  have  died  out,  will 
eventually  approach  a  restricted  region  of  the  phase  space  called  an  attractor.  A 
dynamical  system  can  have  more  than  one  attractor  in  which  case  different  initial 
conditions  lead  to  different  types  of  long-time  behaviour. 

The  simplest  attractor  in  phase  spare  is  a  fixed  point;  the  nonlinear  system  is 

attracted  towards  this  point  and  stays  there.  For  other  control  conditions  the  system 
may  end  up  making  a  periodic  motion.  The  limit  or  attractor  of  this  motion  is  a  periodic 
cycle  I'  a  1 1 e  d  a  limit  cycle.  However,  when  the  operating  conditions  exceed  a  certain 
critical  value,  the  periodic  motion  of  the  system  lireaks  down  into  a  more  complex  chaotic 
pattern  which  never  repeats  itself.  This  motion  represents  a  third  kind  of  attractor  in 
phase  space  called  a  chaotic  or  strange  attractor. 

Ihese  various  types  of  attr.acior  are  shown  in  Fig.  1  for  t  tie  familiar  mcctianical 
example  of  a  damped,  periodically  forced  nonlinear  oscillator,  the  Duffing  oscillator  with 
d  1  s p  1  a emeri t  x  given  by 

....  3 

X  +  kx  +  X  ;  Bcoscjt 
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Its  behaviour  can  be  described  by  the  motion  nt  a  point  in  a  three  d  i  mens  i  ona  I  [iliafiC  sfiaie 

whose  coordinates  are  position,  velocity  aiul  time  of  t  tie  osc  i  1  I  a  I  n  r  s  mn  I  i  on  .  A  fixed  [in  I  n  I 

solution  is  obtained  when  ttie  rorcini)  term  is  set  to  zero,  I  lie  system  then  lelaxinrj  In  a 

unique  stable  equilibrium  point  (  F  i  q  .  1  (  a  '  i  .  Stable  pe  r  i  od  i  c  mn  I  i  on  s  are  s  ii  s  t  a  i  i  aa|  ti  y  I  lie 

presence  of  tbe  driving  term  over  a  range  of  values  of  k  and  8.  the  limit  rvrie  beliavinur 
being  also  determined  by  t  tie  initial,  or  start  conditions  >  I  i  ij .  lb).  tor  o  I  to'  r 

parameter  values,  tbe  range  of  wbicti  is  (|uite  extensive,  ttie  hetiavinur  tiri'aks  clown  into 
chaos.  In  a  true  i  dimensional  representation,  rather  ttian  the  2  dimensional  [ilot  ol 
lig.  1(c),  the  trajectory,  in  contrast  to  those  for  a  fixed  point  and  limit  evcle,  never 
intersects  itself,  consistent  w  i  t  ti  aperiodic  betiavioiir.  Iviflently  5  variables,  or  decjrees 
of  freedom  are  the  minimum  to  ensure  non  intersection  of  the  trajectory  in  (ibase  s|)aco. 

A  trajectory  on  a  chaotic  attractor  extiibits  most  of  ttie  prrgii'rties  inluilively 
associated  w  i  t  ti  random  functions,  a  1  f  hougti  no  randomness  is  ever  ex|)licitly  added.  the 
equations  of  motion  are  purely  deterministic;  ttie  random  behaviour  emerges  s()on  t  aneo  u  s  1  y 
from  the  nonlinear  system.  Over  short  times,  the  trajectory  of  cacti  point  can  tie  followed, 
but  over  longer  periods  small  differences  in  position  are  greatly  amplified  making  ttie 
predictions  of  long-term  betiaviour  impossitile.  Such  arbitrai'ily  close  initial 

conditions  can  lead  to  trajectories  which  after  a  sufficiently  long  time  diverge  w  i  tie  1  y  : 
in  marked  contrast  to  that  of  the  fixed  point  and  limit  cycle  attractors  w ti  i  c ti  settle 
down  to  the  same  solutions. 

Erratic  and  aperiodic  temporal  behaviour  of  any  of  the  systems'  variables  implies  a 
corresponding  continuous  spectrum  for  its  Fourier  transform  which  is,  therefore,  also  a 
further  signature  of  chaotic  motion.  However,  other  factors  includini]  noise  can  lead  to 
continuous  spectra  and  distinguishing  chaos  from  noise  is  one  of  the  major  protilems  of  the 
field.  tlence,  although  time  series,  power  spectra  and  routes  to  i-haos 

collectively  provide  strong  evidence  of  deterministic  behaviour  turttier  signatures  are 
desirable  for  its  full  characterisation  and  in  discriminating  it  from  stochn.stic 
behaviour.  Here  analysis  of  trajectories  of  a  point  in  the  phase  space  of  its  dynamical 
variables  is  required.  However,  for  a  system  with,  say.  N  degrees  of  freedom  it  seemed 
that  it  would  be  necessary  to  measure  N  independent  variables;  an  awesome  if  not 
impossible  task  for  complex  system.  Consequently  mathematicians  have  long  tried  to 
develop  practical  techniques  for  extracting  specific  finite  dimensional  information  from 
the  limited  output  provided  by  experiment;  typically  the  time  record  of  a  specific 
priysical  observable;  that  is,  one  variable  of  the  system,  e.g.  the  laser  intensity.  Here 
embedding  theorems  have  been  recently  used  to  reconstruct  phase  portraits  from  which 
Lyapunov  exponents  may  be  determined  that  measure  the  average  rate  of  exponential 
separation  or  contraction  of  nearby  points  on  the  attractor.  These  measure  intrinsically 
dynamical  properties,  unlike  power  spectra,  and  provide  quantitative  measures  by  whicti 
chaotic  motion  may  be  distinguished  from  stochastic  behaviour.  The  reader  is  referred  lo 
references  (  1 -A )  for  more  comprehensive  trealments  on  the  general  prinriples  of  nonlinear 
dynamics 


Chaos  in  Lasers 


Two-Level  Laser 


Chaotic  behaviour  in  lasers  may  exist  in  even  the  simplest  of  systems;  one  in  which 
papulation  inversion  is  established  between  two  discrete  I'liergy  levels  of  the  medium  and 
where  the  lasing  transition  between  these  two  levels  is  liomoqeneuus  1  y  broadened  and  lasing 
is  on  a  single  mode,^at  gain  centre.  Prediction  of  such  behaviuur  was  initially 
identified  by  Haken  through  tlie  mathematical  oguivalencc  ol  the  equalions  des^-rihinij 
laser  action,  the  Maxwe 1 1 -B 1 och  equations,  and  those  derived  earlier  by  Inren/’  to  desc-rihe 
chaotic  motion  in  fluids.  these  are 


Maxwel  l-Blnch 


I  o  r  en  z 


1  -  -  <1  +  kP 


X  z  -ax  +a> 


P  =  Y^FD  -  y^P 

D  =  Y||'^  +  1)  -  Y||l>  - 


y  -  -  \  r'  \  -  \ 

/  -  \  >  -  t)  / 


wh('re  for  fhf'  Mn  w/e  I  1  -  fi  I  o  ofi  lunr;  y:  if;  I  fu’  I'ovity  r.'ilf'.  yi  i  Mio  {Irons  of 

ntomic  p  o  1  n  r  i  s  t  i  o  o  ,  Yji  if;  t  Ik’  (frr'ov  rate  (if  |mi[)u  1  a  t  i  on  i  it  v  r  r  i  im  i  ;;  I  Itr  pompim] 

pa  ramp  f  r  ,  t  i  .'>  t  ftc‘  t  i  p  I  rJ  i  of;  i  dr  {  ftr  r  av  i  f  \  .  D  if;  I  p(»pn  1  n  I  i  on  i  o  v  f'  r  f;  lo  1 1  aroi  I’  i  ;;  t  Ik' 

a  f  f)  m  i  ('  po  1  a  r  i  a  a  t  1  o  o  .  f’  o  rt  a  i  cJ  p  r  f  fir  I  r  a  j  r  f*  f  it  r  \  of  I  hr  I  o  r  {Oi  /  a  I  I  i'  ai' t  o  r  v/h  r  r  i  o  Mt 

p  qu  1  V  a  I  p  n  t  I  a  a  p  r  r;  >  a  t  (on  t  fi  f’  d  y  o  a  m  i  r  \  a  i‘  i  aft  I  c*  j;  \  ,  y  and  /  a  r  p  I  f  o‘  f  i  ('  !  d  a  flip  1  i  I  o  d  t'  I  . 

p(j  I  a  r  i  f;a  f  i  on  o  f  t  fir  iikm]  i  urn  .  and  I  lir  (lOjiu  1  .a  I  i  on  i  nvr  r:;  i  on  i  I)  . 
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Tiq.  2  (  ;i  ,  b  .  ;;linwn  a  p  qii  r  nc  c  of  t  raj  cr  t  o  r  :  f's  on  i  nr  rca;;  i  ny  t  fir 

control  ijaramoter  r  in  the  Inrcn/  ('yua  t  i  imi; .  lor  r  near  /t'rn  all  t  r  a  j  c  c  I  o  r  i  c  r,  ajiproafb 

stable  p  qu  i  I  j  b  r  i  um  at  the'  origin,  1  ho  t  npo  1  og  i  ca  I  i:  1  r  uc  t  u  r  o  of  1  tio  basin  of  a  1  1  r  a  r  I  i  o  n 
being  hyperbolic  about  /’em.  tor  the  laser  equations  this  eo  r  r  e  siionds  In  c)()erat  ion  fielow 
lasint]  threshold  for  wfiich  the  maqnilude  of  I  he  cMintrnl  parameter  >  laser  ijain'  is 
1  n  s  u  f  T  i  c  i  e  n  1  to  iiroduce  lasing.  As  r  is  increased  the  basin  lifts  at  ils  /I'ro  |)oint  to 
create  an  unstable  fixed  point  here  but  now  w i t  ti  two  additional  fixed  poi:  s  located  in 
the  newly  formi'd  trougfis  either  side  of  t  tie  zero  point  whicti  is  now  a  saddle  point.  1  ti  i  s 
IS  illustrated  in  F  1 1) .  2tb)  where  the  system  eventually  settles  to  one  or  ottier  of  the  two 
new  and  symmef  ric  f  ixe'd  points  depending  on  t  lie  init  i  al  eondil  ions.  Ihis  eorresponds  In 
d.r.  or  constant  lasing  as  defined  by  the  parameter  values  of  one  or  other  of  these  points. 

Note  the  trajectories  in  traces  a}  and  h)  do  not  spiral  in  as  for  the  case  of  the  fixed 

point  solution  of  t  tie  Duffing  osi-  i  1  1  a  t  o  r  shown  in  I  i  g  .  1  (  a  .  P  i  e  1  o  r  i  a  1  1  y  think  of  a 

conventional  saddle  shape  romprising  a  hyperbolic  and  inverted  hyperbolic  form  in  mutually 
perpendicular  planes  and  connected  langentially  at  the  origin.  With  the  curve  of  the 
inverted  hyperbola  turned  up  at  its  extremity  and  filling  in  the  volunip  with  similar 
profiles  which  allow  the  two  hyperbolic  curves  to  merge  into  a  tofiolngical  volume  one  sees 
that  a  ball  placed  at  the  origin  is  contained  to  move  most  readily  down  eitlier  side  of  the 
inverted  h  y  p  e  r  li  o  1  a  into  one  or  other  of  the  t  r  o  u  q  h  t  s  formed  by  this  volume.  L'  h  a  o  t  i  c 

behaviour  occurs  at  larger  values  of  the  p,aramoter  r  when  all  three  fixed  points  become 

saddles.  Since  none  of  the  equilibrium  pointsarenow  attracting,  the  behaviour 
of  the  system  cannot  he  a  steady  motion.  Though  perhaps  difficult  to  vi,sualisp 
topologically  il  is  then  [inssible  lo  find  a  region  in  this  surface  enlosing  all  three 
points  and  large  enough  so  that  no  trajectory  leaves  the  region.  Thus  all  initial 
conditions  outside  the  region  evolve  into  the  region  and  remain  inside  for  all  subsequent 
time.  A  corresponding  chaotic  trajectory  is  shown  in  fig.  2(c).  A  point  outwardly  spirals 

from  the  proximity  of  one  of  the  new  saddle  points  until  the  motion  brings  it  under  the 

influence  of  the  symmetrically  placed  saddle,  the  trajectory  then  being  towards  the  centre 
of  this  region  from  vihere  outward  spiraJliruj  again  occurs.  Ihe  spiralling  out  and 
switching  over  continues  forever  though  the  trajectory  never  intersects. 

fur  the  laser,  such  behaviour  not  only  re()uires  a  cavity  w^th  high  transmission  but  also 
a  yam  of  at  least  nine  limes  that  required  to  produce  lasing  making  the  experimental 
realisation  of  s u (' h  operation  rather  impracticable  for  most  lasers  of  this  simple  type.  A 
riilable  exception  are  o  p  t  i  ca  1  1  y  -  (lumped  far-infrared  molecular  lasers  which  are  discussed 
below. 

Con.segueo  t  1  y  attention  ha.s  been  given  to  alternative,  though  more  complex  systems. 
gei'C rally  with  external  control  (see  below'  for  which  such  restrictions  are  in  part 
relaxed.  Investigations  here  have  yielded  a  wealth  of  identifiable  dynamic  instability 
phenomena  some  in  reasonable  agreement  with  theoretiral  predictions.  Recent  reviews  of 
these  developments  are  given  in  references  (7-12). 

I  h  r  e  e  - 1  e  V  e  1  1  a  s  e  r 


Realisation  of  instabilily  phenomena  in  the  system  prescribed  by  liaken  nevertheless 
remai  IS  especially  appealing  in  view  of  its  fundaiiiental  simplicity  and  recently  optically 
(lumped  far  infrared  lasers  have  been  identified  as  (lerhaps  the  most  promising  candidates 
in  this  regard. 

tviilence  for  Lorenz-type  chaos  in^^n  NII^  laser  emitting  at  B1  pm  optically  pumped  by  on 
\_0  laser  has  been  recently  reported  .  fig.  1,  taken  from  this  work,  shows  motion  typical 
of  a  lorenz  system,  the  igiiralling  around  two  centres  with  random  jum()S  from  one  centre  to 
the  nex'.  the  ahrupl  trannilinn  from  stable  to  chaotic  emission  observed  with  increasing 
pump  strength  provides  further  sufiport  for  this  interpretation. 

Nevertheless  o()t  ically  pumped  systems  comprise  three  levels  involving  (lump  and  laser 
transitions  with  a  common  level  ft  ig.  li  ,  inset).  Itie  consequent  coherent  interactions 
between  these  fields  can  enn.s  i  de  rah  I  y  modify  ttie  .shape  of  the  gain  distribution  (see  below) 
from  the  loren/ian  profile  of  a  two- level  system.  Indeed  the  equivalence  of  1-  to  2- level 
schemes  is  only  possible  for  weak  [lomfiing  and  in  molocolar  systems  where  the  (inlarisat  ion 
1  do -ph  a  s  1  r  ii|  )  decay  rate  for  the  (lump  transition  is  c  ons  i  de  r  a  b  1  y  ^  g  r  ^  t  e  r  than  that  fni'  the 
lasing  transition:  e  f  1 1' (' 1  i  v  e  1  y  resulling  in  Ini-oherent  (loinping 

fin  inereasing  the  (lump  signal  Ihe  gain  peak  changes  Irom  a  single  (leak  al  resonanre, 
c  h  a  r  a  c  I  e  r  I  s  1  ic  of  2  level  syslem.s  'o  a  doohle  (leak,  the  sefiaratinn  of  which  increa.ses  w  i  I  li 
(Mim(i  signal.  Ihe  c  n  r  r  e  s  [i  n  n  d  i  n  g  rl  i  s  (i  e  i' s  i  on  curves  show  ty(iiral  annm.aloos  dis()crsinn  tor 
small  fiumfiirig  which  becomes  s  i  t)  n  i  f  i  c  ;i  o  1  1  y  modi  tied  for  increased  (lungiing.  Ihis  effect 
It  a  h  1  s  ()  1  1  I  1  1  n  g  .arises  from  c  n  h  i-  r  on  1  interaction  between  Ihe  (loinfi  and  lasing  I  r  a  n  s  i  I  i  o  n  s  . 

In  r]eneral  h  n  1  h  ^  t  h  ^  (i  i  jm()  field  and  the  initial  lasing  field  are  i- e  s  [i  n  n  s  i  h  I  i-  fni  the 
(1  r  n  f  I  1  e  rl  i  s  I  o  i  I  i  on  '  .  y  i  e  I  ri  i  ni)  I  a  se  i  em  i  s  s  i  nti  and  d  i  s()e  r  s  i  on  [i  r  o  f  i  I  e  s  I  y  (i  i  e  a  I  of  those 
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shown  in  i  ig.  4  which  also  shows  the  mode  line  (dasficd)  w!i  n(i  dcf  ini's  !i  ingle  mode  opi'ial  ion 
on  line  centre.  Ihe  intersections  of  the  mode  line  w  i  t  ti  the  d  i  spe  le,  i  on  curve  determine 
those  frequencies,  whicti  through  the  modified  dispersion,  tiave  the  same  waveli'ngth. 
Evidently  periodic  and  chaotic  emission  implies  lhat  the  signal  comprises  more  than  one 
frequency.  for  low  pumping  (profiles  1)  mode  line  intersection  is  at  line  centre  alone 
giving  stable  emission.  for  pumping  above  values  corresponding  to  curve  3,  two  additional 
mode  line  intersections  with  the  dispersion  curves  occur,  ttic  corresponding  laser  emissinn 
profiles  showing  emission  at  these  new  frequencies  but  not  for  that  at  line  centre.  I  he 
laser  signal  then  exhibits  oscillations  at  the  beat  frequency  (Rabi  oscillations) 
constituting  limit  cycle  behaviour.  Over  this  range  the  oscillation  frequency  increases 
with  pump  signal  as  the  peaks  separate  until  curve  4  when  the  mode  line  dispersion  inter¬ 
section  frequencies  lie  just  outside  the  lower  frequency  limits  of  the  emission  frequency 
profiles  when  lasing  terminates.  Returning  to  conditions  where  the  pump  level  is  just 
insufficient  to  give  further  intersections  than  that  at  line  centre  (a  pump  level  around 
that  for  curve  3),  it  is  in  this  region  that  chaotic  emission  prevails. 

The  mechanism  behind  the  generation  of  chaotic  emission  liere  is  sun. c what  similar  to  the 
Duffing  oscillator  though  here  the  oscillatory  driving  or  forcing  term  is  provided 
internally  by  the  Rabi  oscillation.  Noting  that  like  all  oscillators  ttie  laser  has  a 
natural  relaxation  oscillation  frequency  (which  normally  relaxes  to  a  d.c.  signal  or  In 
zero  in  the  case  of  the  Duffing  oscillator  (Fig.  1(a))  then  when  another  oscillation  is 
impressed  on  the  system  (here  Rabi  oscillations)  with  frequency  close  to  resonance  with 
the  natural  frequency  (in  fig.  4  by  decreasing  the  pump  from  4  to  around  3)  the  emission 
becomes  chaotic.  fxampJes  of  the  time  series  and  corresponding  phase  portraits  in  2 
dimensions  are  shown  in  fig.  1.  The  chaotic  attractors  in  the  second  and  ttiird  plots  are 
bounded  top  and  bottom  by  corresponding  limit  cycle  which  dominates  one  or  other  of  the 
chaotic  motions.  Ihe  top  limit  cycle  is  that  of  sustained  relaxation  oscillations  and 
occurs  on  increasing  the  pump  signal  to  a  boundary  or  bifurcation  value  where  the  hitliorlo 
steady  signal  bursts  into  periodic  emission.  A  further  fractional  increase  in  pump  signal 
gives  rise  to  the  associated  aperiodic  signal  (second  row)  and  for  a  further  increase 
the  aperiodic  or  chaotic  attractor  identifies  more  with  the  Rabi  type  limit  cycle 
behaviour  which  dominates  for  subsequently  higher  pumping  (lower  trace).  As  a  laser 
system  with  its  own  internal  and  yet  controllable  drive  (the  laser  pump),  it  is  a 
particularly  attractive  nonlinear  system  for  analysis  and  relatively  easy  experimentation, 
providing  along  with  these  illustrations  a  wealth  of  other  dynamical  behaviour,  for 
comparison  with  the  predictions  and  speculations  of  mathematical  nonlinear  dynamics. 

Conclusions 


Nonlinear  optics,  in  particular  lasers,  is  proving  valuable  to  ttie  field  of  nonlinear 
dynamics  and  deterministic  chaos  providing  simple  optical  systems  which  exhibit  the  most 
interesting  classes  of  chaotic  behaviour.  On  the  other  hand,  lasers  and  related  nonlinear 
optical  devices  have  a  large  and  growing  technical  application,  and  the  understanding, 
control  and  possible  exploitation  of  sources  of  instability  in  these  systems  has 
considerable  practical  importance. 

Of  the  wide  range  of  lasers,  optically  pumped  molecular  systems  represent  perhaps  the 
canonical  laser  dynamical  system,  retaining  simplicity  in  the  underlying  physics  while 
being  amenable  to  a  dynamical  system's  .'ui:!;  :!;-.  at  a  level  of,  say,  the  Lorenz  equations. 
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Fig.  1.  Behaviour  of  a  Duffing  oscillator;  a)  unforced  behaviour  showing  damped 
transient  oscillation  to  a  fixed  point;  b)  coexisting  periodic  or  limit  cycle 

attractors  with  different  start,  conditions,  c )  transients  setting  to  steady  state  chaos 
(from  ref.  1 ) . 
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rig.  4.  I.  ;i:;ri'  iimf)  1  i  t  u(fe  |Ej 
profiles  (liip)  .'iiifl  e;ivit>  di::- 
per.sioo  profi  les  iilong  with  inodr 
line  (dashedi  ihottom)  acjainat 
lasi'r  signal  detuning  6  from 
gain  line  centre)  for  a"' three 
level  optically  pumped  laser  on 
increasing  the  level  of  pump  in ij 
(curves  I  to  4  r  e  s  p  e  c?  t  i  v  e  1  v  ^  . 

Inset  s flows  5  lf've‘1  systf>m  where 
a  IS  the  pump  signal  and  e  the 
laser  emission  (from  ref.  17.. 


fig.  5.  Time  series  and 
corresponding  phase 
portraits  of  population 
difference  between  lev¬ 
els  2  and  3  (see  inset 
of  fig.  4)  against 
laser  field  amplitude 
for  increasing  pump  a. 
The  dashed  lines  in  the 
time  series  are  for 
laser  field  amplitude 
and  the  full  line  For 
laser  field  intensity, 
a)  Sustained  relaxation 
oscillations,  b)  chaotic 
solution  associated  with 
a),  c)  chaotic  solution 
associated  with  Rabi 
oscillations  which  are 
shown  in  d)  (from  ref. 
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OPTICAL  COMPUTING  FOR  SOI 


H.  J.  Caulfield,  Director 
Center  for  Applied  Optics 
The  University  of  Alabama  in  Huntsville 
Huntsville.  AL  35899 

Abstract 

SDI  has  recognized  that  computing  complexity  and  speed  must  be  increased  substantially  in  order  to  achieve 
its  goals.  Its  critics  claim  those  Increases  are  impossible.  Under  its  Innovative  Science  and  Technology 
program,  SDI  has  sponsored  a  number  of  efforts  in  optical  computing  to  address  this  problem.  This  paper 
reviews  three  of  the  results  of  that  effort.  This  selection  is  a  personal  one  and  in  no  way  implies 
judgement  of  the  other  efforts  as  less  important.  Rather  the  choices  were  made  on  two  bases:  my  familiarity 
with  them  and  the  span  of  approaches  from  analog  to  hybrid  to  digital. 

The  SDI  Probl ^ 

As  SDI  is  still  a  program  being  defined,  it  is  as  foolhardy  to  condemn  to  failure  as  it  is  to  pronounce 
it  a  success.  A  common  thread  through  all  proposed  SDI  methods  is  that  computers  (many  of  them — earth, 
weapon,  and  satellite  based)  must  receive  a  tremendous  data  flux  and  decide  rapidly 

(1)  where  the  objects  of  interest  are, 

(2)  which  ones  are  reentry  vehicles  and  which  are  decoys,  and 

(3)  how  to  intercept  and  destroy  the  reentry  vehicles. 

The  scenario  and  signals  are  only  partially  predictable  a  priori . 

The  Companion  Industrial  Problem 

In  manufacturing,  the  product  is  produced  at  a  great  rate.  It  is  Important  to  sense  incipient  and  actual 
defects  but  to  Ignore  other  irregularities.  These  defects  and  irregularities  are  many  and  only  partially 
predictable  a  prl^J,. 


Number  of  Items 

Response  Time 

A  Priori 

Knowledge 

Importance  of 
Either  False 
Positives  or 
False  Negatives 

SDI 

Huge 

Very  Short 

Partial 

Many  lives 

Industry 

Huge 

Very  Short 

Partial 

Many  $ 

1.  Problem  Comparison 


"Nation" 

Primary  Purpose 

USSR 

SDI  (Their  version) 

Japan 

Industry 

Europe 

Industry 

USA 

Both 

2.  Major  "National"  Optical 
Computer  Errorts 


An  Analog  Optics  Example 

What  the  Japanese  call  the  Sixth  Generation  Computer,  we  call  Artificial  Neural  Networks,  or  (my 
preference)  Neural  Networks.  Neural  networks  are  based  on  our  simple  models  of  the  brain--the  only  intelli¬ 
gent  computer  known.  It  is  the  only  approach  known  to  solving  truly  massive  problems  which  do  not  yield  to 
solution  by  traditional  tree  search,  algorithmic  methods.  Furthermore,  neural  netwci!*'^  offer  a  response  to 
the  most  often  used  "proof"  that  SDI  (whatever  it  winds  up  being)  will  not  work.  That  "proof"  is  based  on 
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the  supposed  necessity  of  writing  absurd  numbers  of  lines  of  perfect  computer  code.  In  neural  networks,  we 
write  no  code  at  all.  Rather,  we  instruct  the  neural  network.  Your  neural  network  was  sent  to  school  for 
instruction  not  programmed  by  a  schoolmaster.  Furthermore,  your  neural  network  offers  two  other  advantages: 

(1)  It  is  largely  immune  to  localized  failures.  In  your  brain  100,000  neurons  per  day  die  without  serious 
effect  on  either  your  memory  or  your  Intelligence, 

(2)  It  can  react  intelligently  to  new  situations  for  which  it  was  not  trained. 

Obtaining  all  of  these  advantages  for  SDI  is  clearly  desirable.  Obviously  we  need  both  great  complexity 
(number  of  "neurons"  and  number  of  interconnections)  and  great  speed.  Combining  huge  complex  with  great 
speed  requires  massive  parallelism. 

Under  SDI  sponsorship,  we  have  shown  that  an  analog  optical  neural  network  cannot  only  exceed  current 
electronics  but  also  vastly  exceed  conceivable  electronics  by  allowing  full  parallel  interconnect  between 
10*  inputs  and  10*  outputs--a  total  of  lo'*  interconnects!.  Thus  the  situation  is  as  follows: 


Neural  Network 

Number  of  Interconnects 

Interconnects  Per  Second 

Electronic  Chip 

~  10* 

~  10* 

Optical 

-  10’* 

-  lO” 

Human  Brain 

~  10’* 

-  10’* 

~  lo” 

The  advance  due  to  optics  is  clear,  overwhelming,  and  sustainable  against  all  future  electronics 

AJrl^bj-ld  Exa^le 

Analog  optics  is  always  fast  but  never  very  accurate.  In  linear  algebra  processors  the  following  approx¬ 
imate  equation  holds: 

€(R)  s  x(M)  e(C), 

where 

c(R)  =  a  measure  of  the  error  in  the  result, 

X(M)  =  a  measure  called  the  "condition  number"  of  the  coefficient 
matrix,  and 

€(C)  =  a  measure  of  the  inherent  error  of  the  computer  error.  In  good  analog  optics,  e(C)  x  O.IO.  To 
achieve  10%  accurate  results  we  need  x(M)  ~  1.  Unfortunately  in  "real  life"  SDI  problems  x(M)  will  range 
from  a  few  hundred  to  infinity  ("singular"  matrices).  This  means  analog  linear  algebra  solvers  for  SDI  are 
guaranteed  to  give  meaningless  results  (€(R)  >>  1], 

On  the  other  hand,  digital  floating  point  processors  are  accurate  enough  but  much  slower. 

Under  SDI  sponsorship,  we  have  shown  that  we  can  combine  the  speed  of  analog  optics  with  the  accuracy  of 
digital  electronics  by  a  hybrid  process.  The  computationally  intense  parts  are  done  with  fast,  low-accuracy 
optics.  The  accuracy-producing,  comutational ly-easy  parts  are  done  with  a  digital  electronics.  Even  with 
20%  accurate  optics,  we  can  solve  problems  of  any  condition  number^ 

A-B.ig.ital  Bxa">P.le 

The  first  and  only  widely  successful  nonbiological  computers  have  been  digital.  Over  tbe  last  40  years, 
our  skills  in  programming  digital  computers  have  grown  immensely.  Current  multiprocessor  and  supercomputer 
efforts  may  gain  another  factor  of  1000  over  the  state  of  the  art  at  the  price  of  very  large  size  and  very 
high  pricetags. 

Peter  Guilfoyle  of  Opticomp  has  seen  a  practical  method  of  using  the  massive  parallel  optical  intercon¬ 
nect  capability  of  optics  (1)  to  do  digital  computing.  As-yet-unpubl ished  work  by  Opticomp  for  SDI  has 
resulted  in  a  working,  high-speed,  general-purpose  optical  digital  computer.  Several  years  more  development 
will  be  required  to  exceed  current  supercomputers  at  much  less  cost,  but  no  new  inventions  are  required. 
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Abstract 


The  study  on  the  evolution  of  quantum  fluctuations  under  the  parametric  wave 
interactions  is  reported.  The  theoretical  development  does  not  employ  conventional 
approximations  based  on  a  given  pump  wave  behavior  and  short-time  expansion.  Variations 
of  the  pump  wave  are  shown  to  affect  the  photon  bunching  and  antibunching.  They  also  lead 
to  squeezing  of  the  fundcunental  mode  in  the  process  of  its  amplification  or  extinction. 
Moreover,  the  variations  of  the  pump  wave  in  the  course  of  the  interaction  are  found  to 
limit  the  decrease  or  increase  of  the  field  quadrature  component  fluctuations. 

Introduction 


It  is  a  well-established  fact  now  that  optical  parametric  processes  are  good  candidates 
for  manifestation  of  the  quantum  nature  of  light.  There  are  a  number  of  theoretical 
papers  which  have  predicted  that  a  significant  degree  of  squeezing  and  antibunching 
(superclassical  bunching)  can  be  reached  using  these  processes.  Common  features  of  these 
papers  (see,  i.e..  Refs.  1-5)  are  the  treatment  of  the  relevant  dynamical  equations 
written  in  the  Heisenberg  picture  within  the  framework  of  the  following  assumptions, 
namely,  the  pump  wave  is  assumed  to  be  fixed  or  the  short-time  approximation  is  to  be 
held. 

Here  the  basic  set  of  equations  for  the  field  amplitudes  describing  degenerate 
parametric  processes  is  analyzed  without  usage  of  the  above  ^ppro'^iTat ions .  The 
statistical  characteristics  of  the  processes  under  consideration  are  calculated 
numerically  and  a  comparison  with  those  determined  for  the  given  pump  wave  case  is 
performed. 


Evolution  of  Quantum  Fluctuations 

The  set  of  equations  for  the  field  amplitude  operators  derived  in  the  Heisenberg 
picture  on  the  basis  of  the  effective  nonlinear  Hamiltonian  approach  has  the  form 


a^  —  — iwj^a^  —  2iga2a2 

a2  =  -2iuj^a2  -  iga^  (1) 

Here  1  and  2  are  referred  to  the  generated  and  pump  wave,  respectively,  g  is  the  coupling 
constant  (the  effectivity  of  nonlinear  conversion). 


At  the  initial  moment  of  time,  the  waves  do  not  interact  and  the  density  matrix  of  the 
system  p  can  be  written  as  a  product  p  =  PjP2-  Averaging  of  the  first  equation  from  the 
set  over  the  density  matrix  P2  and  the  second  equation  over  yields: 
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(2) 


~  2iga^'<a2^f  ^^2^  ~  ^2^2 

•  ■) 

<a2>  =  -2ia)2<a2>  -  ig<a2> 

The  self-consistent  set  (2)  describes  time  evolution  of  the  generated  wave  amplitude 
operator  in  the  process  of  its  interaction  with  the  pump  wave.  In  virtue  of  Eq.  (2),  the 
latter  can  be  treated  as  a  classical  electromagnetic  field  wave.  The  use  of  the  Bogolubov 
canonical  transformation  results  in  the  following  formal  solution 

t  t 

a2(t)  =  e“^‘^l^[ a2^ch2g  ^  a(T)dT  -  ie^^2a^sh2g  5  a{T)dT]  (3) 

o  o 

Here  air)  =  |<a2(T)>|.  In  the  given  pump  wave,  approximation  a  =  const  and  (3)  reduces  to 
the  known  solution  from  Ref.  1.  Below  the  formal  solution  (3)  is  used  for  analyzing  the 
degenerate  parametric  scattering  (DPS)  and  degenerate  parametric  amplification  (DPA) . 


The  Degenerate  Parametric  Scattering 

In  this  case,  the  pump  wave  interacts  with  the  vacuum  fluctuations  in  nonlinear 
crystal,  i.e.  =  l0X0|.  It  follows  from  Eqs.  (2-3)  that  the  amplitude  of  the  pimp  wave 
obeys  the  closed  integro-dif ferential  equation 

t 

a  =  -gsh4g  J  a(T)dT/2  (4) 

o 

The  use  of  iteration  with  the  given  amplitude  as  the  zero  approximation  results  in  (4) 

(1) 

a  (t)  =  a  -  {ch4agt-l)/8a  (5) 

This  solution  does  not  contain  secular  terms  and  describes  the  extinction  of  the  pump 
wave  in  the  process  at  degenerate  parametric  scattering.  Expansion  of  Eq.  (5)  in  gt  leads 
to  well-known  Mandel  results®  obtained  within  the  framework  of  the  short-time 
approximation. 

The  time  behavior  of  the  mean  photon  number  of  the  generated  mode  on  the  frequency 
can  be  calculated  from  Eq.  (3)  and  is  of  the  form 

<n2(t)>  =  sh^2z 

z  =  2gat  -  -  t)/4a  (6) 


It  follows  from  (6)  that  t  grows  up  to  the  time 

tp  =  arch  (8a^  +  l)/4ag  (7) 

At  moment  of  time  t^,  all  photons  from  the  pump  waves  were  converted  into  a  new  mode.  The 
conventional  given  pumping  approximation  corresponds  to  z  =  2gat  in  Eq.  (6).  It  is  fairly 
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clear  that  in  this  case  the  energy  conservation  law  is  violated.  Figure  1  shows  the  time 
dependence  of  <n2>  calculated  on  the  basis  of  pumping  case. 


Fig.1  Fig. 2 

The  variance  of  the  photon  number  =  <An2>  -  <nj^>  can  be  written  as 

5]^  =  sh^z  +  sh^zch^z  (8) 

The  computed  results  are  given  in  Fig.  2.  Here  z  is  defined  by  Eq.  (6).  It  is  known 
that  6=1  corresponds  to  the  thermal  source.  It  can  be  seen  from  Fig.  2  that  the 
generated  wave  exhibits  the  superclassical  bunching.  The  variances  of  the  quadrature 
field  components  whose  magnitudes  indicate  the  possibility  of  squeezing  of  generated  waves 
are  of  the  form 

<Ax^>  =  ch^z  +  sh^z  +  2sin^jjChzshz  (9) 

<Ax2>  =  ch^z  +  sh^z  -  2sin0jjChzshz  (10) 

where  is  the  pump  wave  phase.  The  maximum  squeezing  is  reached  for 

<Ax^>  =  exp(+2z);  <Ax2>  =  exp(+2z)  (11) 

The  plus  and  minus  signs  are  referred  to  =  ir/2  and  =  -it/2,  respectively.  It  can  be 
readily  seen  that  for  z  =  2gat  (the  given  pumping  approximation)  the  wave  is  generated  in 
the  ideally  squeezed  state  (see  Refs.  1,2).  The  influence  of  the  pump  wave  variation 
results  in  the  increasing  of  the  effect.  The  squeezing  takes  place  up  to  the  time  tg, 
then  this  property  of  the  field  a^^  disappears.  It  should  be  noted  that  the  increase  of 
the  nonlinear  conversion  effectivity  g  leads  to  the  increase  of  t^.  The  same  occurs  with 
growing  of  the  pump  wave  intensity.  These  results  are  illustrated  in  Figs.  3  and  4.  The 
curves  show  that  for  the  region  t  ~  tg  there  exists  a  significant  discrepancy  between  the 
given  pump  wave  approximation  results  and  those  obtained  here.  The  consideration  of  the 
pump  wave  extinction  makes  the  generation  of  the  ideally  squeezed  states  impossible. 


Degenerate  Parametric  Amplification 


In  this  case,  there  are  two  incident  wave  frequencies  2^^,  -  ‘^2’  initial  state 

at  wave  oj  is  given  as  Pi  =  |/3><()|,  where  |0>  is  a  coherent  state.  Due  to  the  process  of 
nonlinear  interaction,  two  possibilities  appear  for  the  wave  with  the  frequency  .  If 
♦  =  20^-02  =  tt/2,  the  wave  begins  to  amplify  while  for  4'  =  -it/2,  it  attenuates. 


Equation  for  a  now  has  the  form 

t  t 

a  =  g{|p|^exp(4g  J  a(t)dT)  -  i  sh  4g  J  a(T)dT}  (12) 

o  o 


The  first  iteration  of  Eq.  (12)  yields 

a  (t)  =  a  -  I ^ I ^[exp(-4agt)-l]/4o  -  [ch(4agt)-l]/8o  (13) 

It  can  be  readily  seen  that  expansion  of  Eq.  (13)  in  gt  degrees  and  averaging  it  over 
lead  to  the  esults  coinciding  with  those  obtained  within  the  frameworlc  of  the  short-time 
approximation. 

When  the  wave  1  is  attenuated  (♦  =  -ir/2),  the  variance  6]^  is  of  the  form 

62(t)  =  (2|^1^  +  Dsh^z  +  (6|P|^  +  Dsh^z  -  2|p|^ch^z  -  6|^|^chzsh^z 

z  =  2g  (at  +  Mi  [t  -  _  J:  t^hjagt  _ 

4a  4ag  8a  4ag 


(14) 

(15) 


Its  behavior  is  shown  in  Fig.  6  in  comparison  with  the  results  obtained  for  a  fixed  a. 

When  photon  antibunching  exists,  however,  its  degree  and  duration  are  more  moderate  than 
those  for  fixed.  When  the  wave  is  amplified  (♦  =  x/2) 

=  (2|/3|^  +  Dsh^z  +  (6|0|^  +  Dch^zsh^z  +  2  1 13 1  ^ch^zshz  +  6|^|^chzsh^z  (16) 

and  there  appears  the  photon  superbunching. 

The  variances  of  the  quadrature  components  of  a^  are  of  the  form 

<Ax^  2>  =  ch^z  +  sh^z  +  2sin4’chzshz  (17) 

If  (♦  =  ir/2),  then 

<Ax|,2=-  =  exp(+2z)  (18) 
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Figures  7  and  8  show  that  in  process  of  the  degenerate  parametric  amplification  the 
possible  squeezing  is  more  moderate  than  squeezing  calculated  in  the  given  pumping  wave 
approximation. 


Conclusion 


The  quantum  consideration  of  degenerate  optical  parametric  processes  in  the 
approximation  of  self-consistent  pumping  field  does  not  vary  qualitatively  the  results 
obtained  in  the  approximation  of  the  given  pumping  field.  However,  there  are  quantitative 
discrepancies.  The  most  important  fact  is  that  in  the  process  of  degenerate  parametric 
attenuation  of  fundamental  wave  squeezing  became  greater  than  the  resulting  one,  obtained 
in  the  approximation  of  the  given  pumping  field.  This  is  accompanied  by  the  intensity 
decrease  of  the  fundamental  wave. 
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ON  THE  CHEMISTRY  OF  SUPERCONDUCTIVITY* 
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Livermore,  California  94550 


Abstract 


High-temperature  superconductivity  is  observed  in  ceramics  with  complex  crystal  struc¬ 
tures.  In  each  case,  perovskite-1 ike  layers  (CUO2)  are  found  next  to  cation-monoxide 
layers  (LaO  or  CuO) .  We  suggest  that  Bloch  wave  functions  in  these  two  layers  are  hybrid¬ 
ized.  The  interaction  of  the  bottom  of  an  energy  band  in  the  monoxide  layer  with  the  top 
of  the  perovskite  band  gives  rise  to  states  with  a  low  group  velocity  within  these 
layers.  Superconductivity  is  explained  by  the  strong  interaction  of  these  electrons  with 
loosely  bound  oxygen  ions  which  leads  to  pairing  and  ordering  of  the  electrons.  Experi¬ 
mental  verification  of  this  model  may  be  obtained  by  observing  the  variation  of  the 
current  due  to  the  dependence  of  the  group  velocity  on  the  location  of  oxygen  ions. 

Introduction 


The  familiar  properties  of  superconductors  appear  in  La2Cu04  and  YBa2Cu202  at  higher 
temperatures  and  stronger  field  strengths  than  usual.  The  oxygen  ions  in  these  crystals, 
related  to  the  perovskites,  are  able  to  interact  strongly  with  any  charged  particles.  The 
substances  have  a  complex,  layered  structure. 


We  assume  that  the  high  temperature  superconducting  state  is  similar  to  that  described 
by  Bardeen,  Cooper,  and  Schrieffer,^  with  a  limited  set  of  free  electrons  participating. 

We  start  by  discussing  the  role  of  the  perovskite  layers  (consisting  of  CUO2)  and  argue 
that  an  interaction  of  the  states  of  electrons  in  these  layers  with  states  in  neighboring 
layers  is  decisive  in  producing  the  observed  effects. 

In  carrying  out  this  program,  we  assume  in  some  cases  purely  ionic  configurations,  as 
for  the  ions  Ba^'*'  and  Y^'*'.  For  the  copper  ions,  we  consider  energy  bands  filled  with  a 
number  of  electrons  not  corresponding  to  an  integral  charge  per  copper  ion;  the  same  holds 
for  lanthanum.  In  the  case  of  oxygens  in  the  perovskite  layer,  we  assume  somewhat  less 

O  _ 

than  two  electrons  per  ion  corresponding  to  some  holes  in  the  shell.  All  this  is 
based  on  plausible  speculations  about  the  band  structure.  We  feel  that  in  these  complex 
ceramics,  the  uncertainties  of  a  priori  calculations  leave  some  room  for  alternative 
scenarios . 


Theory  and  Discussion 

It  is  not  unusual,  in  describing  conduction  bands,  to  use  hybrid  wave  functions  on 
single  atoms.  In  the  case  of  our  special  ceramics,  we  propose  to  form  hybrids  from  elec¬ 
tron  states  near  the  bottom  of  an  empty  band  [on  a  Cu^'*'  or  La^'*'  ion]  in  the  monoxide 


*Based  on  a  discussion  in  August  1987  at  Erice,  Italy;  completed  in  December,  1987. 
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plane,  and  hole-like  states  from  the  top  of  an  almost-filled  band  which  results  from 
states  of  the  0^~  ions  in  the  perovskite  plane. 

The  hybridized  wave  function  i//  can  be  written 

'I'  =  K  'i'p 

where  i/zp,  is  composed  of  states  in  the  monoxide  plane  and  i/zp  from  states  in  the  perovskite 
plane. ^  For  all  three  wave  functions  we  write  the  two-dimensional  Bloch  functions, 

i(k  x+k  y) 

<1/  =  e  fk<*'  V'  (2) 

where  the  2-dimensional  wave-number  Ic  is  near  k  =  0  in  every  case  for  the  states  of 
interest.  We  shall  show  that  the  hybridization  of  wave  functions  in  the  neighboring 
layers  will  reduce  the  group  velocity  of  the  carriers  and  enhance  the  interact ionssthat 
give  rise  to  superconductivity. 

The  Cu  ions  in  the  perovskite  plane  shall  be  represented  in  a  first  approximation  as 
Cu^"*".  For  the  sake  of  clarity  and  completeness  we  discuss  these  electrons  even  though  we 
believe  they  do  not  contribute  to  superconductivity. 


In  the  crystal  field,  the  3d  and  4s  electrons  of  copper  are  hybridized,  and  there  are 
nine  electrons  shared  between  these  states.  More  specifically,  the  six  orbitals  repre¬ 
senting  the  (3d,  4s)  hybrid  can  be  symbolized  by  (x^,  ,  z^,  xy,  xz,  yz).  If  one 

considers  the  perovskite  plane  to  be  the  x-y  plane,  the  four  orbitals  (z^,  xy,  yz  and  zx) 
do  not  strongly  overlap  electrons  on  the  oxygen  ions,  and  should  generate  bands  which  lie 
at  lower  energies  and  are  filled  by  eight  electrons.  The  ninth  electron  is  then  in  the 
lowest  part  of  the  band  formed  from  the  (x^,  y^)  orbitals.^  These  carriers  can  explain 
the  observed  linear  specific  heat  and  observed  metallic  conductivity. 

In  the  yttrium  compound,  we  assume  the  barium  oxide  and  yttrium  planes  to  be  purely 
ionic,  and  thus  to  have  closed  bands  that  require  no  further  discussion.  If  there  is  no 
deviation  from  stoichiometry  we  can  describe  the  monoxide  layer  in  the  lanthanum  compound 
as  containing  La^'*'  and  in  the  yttrium  compound  as  containing  Cu^'*’.  In  the  Y  compound  the 
monoxide  plane  is  represented  in  Fig.  1.  The  Cu  ions  have  only  two  oxygen  neighbors  along 
the  x-axis  within  the  xy  plane.  However,  they  have  two  further  close  oxygen  neighbors 
along  the  z-axis.  Using  similar  arguments  as  for  the  perovskite  plane  we  fill  four 
orbitals  (y^,  xy,  yz,  and  zx)  with  eight  electrons  and  obtain  Cu^'*’  ions  which  one  may 
consider  as  a  closed  shell. 


O  _ 

In  this  first  approximation  we  should  consider  all  oxygens  to  be  in  the  0  state. 
Thus  we  have  conducting  perovskite  layers  with  no  other  layers  participating  in  the 
conduction  process. 

However,  there  are  also  energy  bands^  formed  from  the  2p  states  on  the  oxygen  ions  in 
the  perovskite  layer.  These  bands  are  filled  or  nearly  filled  and  have  their  maxima  at 
k  =  0.  Of  these  the  2p2.  subband  is  of  special  interest.  We  assume  that  the  states  of 
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ation  of  the  kinetic  energy  may  change  this  argument.) 

The  superconductivity  will  be  ascribed  to  holes  from  the  oxygen  2p^  band,  appropriately 
hybridized  with  electrons  in  the  monoxide  plane(s).  In  order  to  better  understand  this, 
we  show  the  nodes  of  the  k  =  0  oxygen  2p^  wave  functions  as  dotted  lines  in  Fig.  2. 

In  Fig,  2,  the  plus  and  minus  signs  refer  to  the  values  of  \lip  above  the  node  in  the  xy 
plane.  This  wave  function  does  not  change  upon  displacement  of  the  lattice  by  an  integral 
number  of  periods  in  the  x-  or  y-directions.  It  therefore  does  correspond  to  zero  wave- 
vector  in  the  plane;  the  indicated  changes  of  sign  are  a  consequence  of  the  fact  that  this 
state  is  at  the  top  of  the  2p^  band. 


have  slightly  higher  energy  than  the  2pjj,  2p  subbands,  for  electrostatic 
Indeed,  the  filling  of  all  states  (x^,  y^,  z^,  xy,  yz,  zx)  would  result  in  a 
electrostatic  potential  near  Cu,  Absence  of  some  x^  and  y^  electrons  raises  the 
the  oxygen  2p^  state  (relative  to  2pjj  and  2py)  both  on  account  of  electrostatic 
on  account  of  exchange  terms.  (However,  it  should  be  pointed  out  that  consider- 
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Fig.  2 

In  La2Cu04,  the  La^'*'  ions  are  located  above  and  below  those  crossing  points  of  the 
nodes  (Fig.  2)  that  are  not  occupied  by  Cu  ions.  Wave  functions  of  this  type  are  just 
becoming  available  on  the  La  ions  in  the  4f  state  with  three  nodes  in  the  xy,  yz,  and  zx 
planes.  We  assume  that  splitting  by  the  crystal  field  and  resonance  with  i//p  lowers  one 
state  so  that  it  no  longer  lies  above  the  6s  state  of  lanthanum  as  in  the  case  of  the  free 
ion.  Another  possible  assignment  would  be  a  resonance  with  a  5d  orbital  on  the  La  ion. 

In  that  case  only  two  nodes  (yz  and  xz)  are  present.  When  Ba  is  substituted  for  La 
hybridization  with  4f  or  5d  orbitals  would  still  be  possible.  On  the  substitution  by  Sr 
the  4d  orbital  should  be  preferred.  The  role  that  Ba  and  Sr  play  in  determining  will 
be  influenced  by  the  wave  function  selected. 

We,  therefore,  propose  that  in  (1)  is  a  wave  function  near  k  =  0,  composed  of  2p^ 
oxygen  wave  functions  with  alternating  signs  (Fig.  2),  while  is  composed  of  4f  wave 
functions  on  the  La  with  xy,  yz,  and  zx  nodes  in  the  layers  on  either  side  of  the 
perovskite  plane. 

In  the  yttrium  compound  (and  the  similar  superconductors  where  rare  earths  are  substi- 
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tuted  for  yttrium)  we  assume  that  <pp  in  Eq.  (1)  is  a  wave  function  similar  to  that 
discussed  above  but  extending  over  two  perovskite  layers.  The  wave  function  extends 
over  a  single  copper  monoxide  plane  lying  between  the  two  perovskite  layers.  Because  a 
BaO  layer  is  found  between  the  monoxide  and  perovskite  layers,  the  interacting  layers  are 
now  second  neighbors,  and  their  interaction  should  be  greatly  weakened. 


However,  the  perovskite  layers  are  puckered,  the  oxygens  being  attracted  toward  the  Y^'*’ 
more  strongly  than  toward  the  Ba^"^  ions.  Thus  the  orbits  to  be  considered  for  \l/p  are  not 
pure  2p2  states  but  rather  an  appropriate  linear  combination  of  2p2  and  2s  orbitals.  One 
linear  combination  extends  toward  Y^'*',  has  lower  energy,  and  is  already  occupied;  the 
other  points  toward  the  CuO  plane  and  has  its  band  maximum  at  k  =  0  near  the  Fermi  level. 
This  second  band  will  be  used  for  i^p.  With  this  choice,  the  interaction  between  Cu  layers 
is  increased. 

In  the  monoxide  layers  of  the  yttrium  compound,  we  have  assumed  in  first  approximation 
that  the  copper  is  present  as  Cu^"'',  and  that  the  states  (y^,  xy,  yz,  and  zx)  of  the  3d-4s 
hybrid  are  filled,  leaving  the  states  (z^,  x^)  unoccupied.  The  wave  function  in 

Eq.  (1)  will  now  be  composed  of  x^-type  states  from  the  bottom  of  the  band  formed  near  the 
Cu^'*'  ions  in  the  monoxide  layer.  Indeed  these  x^-type  wave  functions  overlap  more  strongly 
along  the  x-axis  than  the  states  of  z^-type,  and  thus  the  band  formed  from  x^-functions 
will  have  the  lower  band  minimum  at  k  =  0. 

We  observe  by  comparison  of  Figs.  1  and  2  that  the  2p2  band  maximum  wave  function  and 
the  3d-4s  x^  band  minimum  wave  function  have  the  same  symmetry  so  that  hybridization  is 
permitted.  The  ratio  of  amplitudes  of  the  coefficients  in  the  lower  hybrid  state  (near 
k  =  0)  is; 


A  =  [(E, 


'max 


"  %in) 


(3) 


where  E^  is  the  interaction  energy  of  \l/p  and  and  A  is  the  energy-difference  between 
the  levels,  determined  by  the  maximum  energy  in  the  perovskite  layer  and  the  minimum 

energy  in  the  monoxide  layer.  In  the  yttrium  compound,  E^  should  be  small  due  to  the 

distance  of  perovskite  and  monoxide  layers  and  one  should  expect  a^  »  ap.  Thus  the 
hybridized  electrons  are  concentrated  on  the  monoxide  layer. 


We  now  consider  the  group  velocity  in  the  xy  plane, 

dE 

"'g  ■  dk 


(4) 


for  electrons  with  hybrid  wave  functions  of  the  form  given  in  Eq.  (1).  A  large  group 
velocity  leads  to  large  energy-denominators  in  the  process  of  electrpn  scattering  by 
lattice  vibrations.  This  then  implies  that  the  states  coupled  in  the  formation  of  Cooper 
pairs  must  be  very  near  the  Fermi  surface.  In  our  model  for  the  ceramic  superconductors, 
and  particularly  for  YBa2Cu307,  the  low  group  velocities  will  loosen  this  restriction  on 
electron  pairing  and  thereby  enhance  superconductivity. 


To  calculate  the  group  velocity  from  (4),  we  write 
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2a„a_E; 
pm  1 


ib) 


where  Ep  and  E^,  which  are  the  energies  in  the  two  layers,  and  Ej,  which  is  responsible 
for  the  interaction,  can  be  expanded  near  k  =  0  in  powers  of  k.  We  have  assumed  ap,  a^  to 
be  real . 


Ep  Ejfiax 


2m^(p)  2my<P) 


Em  ”  E|^in  '''  ^  ^  ''' 


2mjj^"'^  2my 


(m) 


Ei  =  Eo  +  ak^2  ^ 


(6) 


Since  in  the  perovskite  layer  we  are  near  a  maximum  of  the  kinetic  energy,  the  terms  in 
kjj2  and  ky2  appear  with  a  negative  sign.  The  structure  is  almost  tetragonal,  and,  there¬ 
fore,  the  effective  masses  in  the  perovskite  layer  are  nearly  equal:  •  They 

correspond  to  a  band  width  of  a  few  volts.  For  the  lanthanum  monoxide  layer  one  can  write 
in  a  similar  way  s  The  electron  orbits  in  neighboring  lanthanum  ions  will 

probably  overlap  to  a  lesser  extent  than  in  the  perovskite  layer.  We  therefore  assume 

m(m)  >  ^(p). 

The  interaction  energy,  E^,  is  smaller  and  its  k-dependence  may  be 
neglected,  a  s  p  s  0. 


To  obtain  the  group  velocity,  we  calculate  dE/dk  from  Eq.  (5).  This  gives  terms  con¬ 
taining  factors  5E/6Ep,  5E/8E^,  6E/8ap,  and  5E/6a^.  However,  the  contributions  from  the 
latter  two  cancel  since  ap  and  a^  are  adjusted  to  give  stationary  values  to  E.  This 
gives,  for  the  x-  and  y-components  of  the  group  velocity  Vg, 


V 


gx 


V 


gy 


=  •ri2kj, 


=  -n^ky 


(7) 


According  to  (3)  the  amplitude  in  the  perovskite  layers  is  smaller,  ap  <  a^.  But  we 
assumed  m^P^  <  m^"*^ .  The  group  velocities  may  be  interpreted  as  a  superposition  of  a 
smaller  electron-like  velocity  'ft2k/m^''')  in  the  monoxide  layer  with  a  higher  probability 
a^2  and  a  faster  hole-like  velocity  in  the  perovskite  layer  fi2k/m^P^  with  a  lower 
probability  ap2. 


In  the  lanthanum  compound,  the  formation  of  Cooper  pairs  may  be  understood  as  in  the 
BCS  theory.  The  higher  transition  temperature  T^,  may  be  ascribed  to  low  electron 
velocities,  partly  explained  by  the  participation  of  few  electrons,  and  partly  by  the 
cancellation  of  terms  seen  in  (7). 


The  explanation  of  superconductivity  will  require  phase-ordering  of  the  electron  pairs 
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in  three  dimensions.  The  electron  hopping  (or  kinetic  energy)  operator  plays  a  key  role 
in  establishing  this  long-range  order.  The  wave  functions  of  Eq.  (1)  will  have  to  be  used 
to  construct  full  three-dimensional  Bloch  functions. 


In  the  case  of  YBa-jCu-^O-^,  the  high  transition  temperature  (near  95°K)  requires  a  more 
detailed  explanation  and  greater  modification  of  the  BCS  theory.  In  the  monoxide  plane 
the  y^-states  of  the  (3d,  4s)  hybrid  are  filled,  but  the  bottom  of  the  x^-energy  band  is 
available.  Crowding  by  the  oxygen  ions  along  the  x-axis  will  cause  the  effective  mass 
in  (6)  to  have  a  low  value,  while  will  be  large  due  to  the  small  overlap  of 

the  x'^-type  wave  function  in  neighboring  cells  along  the  y-axis. 

As  a  result,  the  group  velocities  (7)  will  behave  quite  differently  in  the  x-  and 
y-directions.  We  have  seen  that  Sp  should  be  small.  In  the  expression  (7)  for  Vg^^,  the 
term  containing  may  be  neglected,  and  the  electron  velocity  will  be  governed  by 
which  is  of  the  order  of  the  actual  mass  of  an  electron.  The  velocities  will  be  those  of 
electrons  in  common  metals  at  appropriate  k^^  values. 

On  the  other  hand,  for  the  y-component,  the  two  terms  and  ap^/my^P^  in  (7) 

will  be  comparable.  Thus,  Vgy  may  well  become  ver^  small.  The  energy  may  become 
practically  independent  of  ky,  even  for  high  ky-values.  Contraction  of  on  a  single 
line  of  Cu-O-Cu-O-Cu  ions  along  the  x-axis  may  become  possible.  Such  a  contraction 
permits  a  strong  interaction  with  the  oxygen  ions  surrounding  that  line  and  a  lowering  of 
the  energy  will  result. 

Appropriate  occupation  of  states  including  those  of  high  ky  values  could  lead  to 
one-dimensional  behavior  of  the  electrons  in  the  monoxide  plane  and  to  low  x-components  of 
the  velocity  if  the  energy  band  is  filled  to  a  low  level.  Indeed,  if  a  fixed  fraction  e 
of  the  band  is  occupied,  then  the  maximum  k-value  in  the  Fermi  sea  is  proportional  to 
^1/3,  jl/2^  and  e  in  three,  two,  and  one  dimensions.  The  velocities  at  the  Fermi  level 
behave  similarly  and  become  small  in  the  one-dimensional  case. 


In  applying  the  Bardeen,  Cooper,  Schrieffer  theory  of  superconductivity,^  we  have  now  a 
strong-interaction  situation  because  the  electron-lattice  coupling  becomes  stronger  than 
the  kinetic  energy  of  the  electrons.  In  this  case,  the  energy  to  break  a  pair  of  elec¬ 
trons  will  be  greater  than  kT^;  there  will  be  many  paired  electrons  above  the  critical 
temperature  in  the  "normal"  state;  and  the  transition  itself  may  be  understood  as  the 
establishment  of  ordering  and  phase  relations  between  existing  pairs.  For  a  low  density 
of  these  bipolarons,  the  transition  temperature  will  be  inversely  proportional  to  their 
effective  mass.  These  ideas  are  similar  to  the  bipolaron  theory.^  The  following 
discussion  will  be  given  in  terms  of  that  theory. 

Let  us  consider  the  localization  and  pairing  of  electrons  along  a  Cu-O-Cu-O-Cu  chain  in 
a  more  quantitative  manner.  Placing  an  electron  near  a  Cu^"*"  ion,  there  will  be  four  0^~ 

O 

neighbors  at  distances  of  2  A.  Assuming  a  double  charge  on  the  oxygen  and  a  restoring 
force  constant  of  10^  g  sec“^  (corresponding  to  an  Einstein  oscillator  ot  w  s  2  x  10^^ 
sec”^),  one  obtains  a  polarization  energy  of  about  1  eV. 

Due  to  the  small  effective  mass,  the  energy  needed  for  locaiizing  the  electron 

is  greater  than  1  eV,  and  the  electron  therefore  should  be  spread  over  several  lattice 
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cells.  Spreading  the  electron  over  n  cells  in  the  x-direction,  the  negative  polarization 
energy  will  vary  as  n'^,  while  the  kinetic  energy  of  localization  changes  as  n“^. 

For  the  bottom  of  the  energy  band,  the  minimum  might  occur  for  an  n  between  3  and  7, 
giving  a  binding  energy  of  about  0.1  eV.  If  not  much  more  than  0.01  electrons  per  lattice 
cell  are  available  to  fill  the  bottom  of  ti.e  energy  band,  then  the  polarons  formed  in  this 
way  will  not  overlap.  The  binding  energy  of  the  polaron  may  have  an  isotope  effect,  but 
if  polaron  formation  has  progressed  far  enough  above  the  critical  temperature,  this  need 
not  affect  superconductivity. 

I'he  total  energy  can  be  represented  as 

^bipolaron  “  ^^kin  “  ^^pol  '''  ^repulsion 

The  positive  kinetic  energy  term,  is  that  of  two  electrons.  Polarization,  EpQ2  r  t>y 

two  electrons  gives  a  twofold  displacement  of  the  oxygens  and  a  fourfold  negative  polar¬ 
ization  energy  term  which  may  stabilize  the  bipolarons.  Finally,  between  the 

two  electrons  is  apt  to  prevent  bipolaron  formation  in  most  substances. 

The  bipolarons  need  to  be  ordered  to  make  the  crystal  superconducting.  In  our  model, 
the  ordering  is  accomplished  by  the  coupling  of  the  bipolarons  which  extend  along  the 
Cu-O-Cu-O-Cu  chains  in  the  monoxide  plane  with  the  two  neighboring  perovskite  layers.  The 
amplitude  in  the  latter  is  small,  but  the  effective  masses,  m^^P^ ,  as  well  as  m^^P^,  are 
small,  and  therefore  the  wave  functions  are  not  fully  localized  in  the  x-  or  y-direction. 
Thus  several  chains  in  the  monoxide  layer  interact  with  the  same  wave  function  in  the 
perovskite  layer.  In  that  way,  they  interact  with  each  other,  and  phase  relations  can  be 
established.  The  interaction,  Ej ,  can  be  assumed  to  be  low  enough  to  make  the  amplitude 
Sp  in  Eq.  (1)  small,  but  high  enough  to  lead  to  an  ordering  at  a  transition  point  T^,  near 
100°K.  One  might  assume  E^  s  0.01  eV.  The  ordering  need  not  depend  on  the  isotope,  and 
Tj.  need  not  show  an  isotope  effect. 


The  construction  of  the  wave  function  Eq.  (1)  from  contributions  in  the  monoxide  and 
perovskite  layers  should  help  to  avoid  Peierls  instability.  Actually,  in  the  monoxide 
plane,  the  bipolaron  is  localized  in  the  y-direction  according  to  our  model.  Yet,  through 
the  coupling  in  the  perovskite  plane,  it  remains  mobile  and  can  carry  a  current. 

It  is  probable  that  for  a  phase  transition  and  for  establishment  of  long-range  order, 
three-dimensional  ordering  is  required.  In  our  model,  we  have  only  correlated  the  wave 
functions  in  three  neighboring  planes.  Such  wave  functions  in  the  triplets  of  planes  will 
have  to  be  superposed  using  phase  factors  The  resulting  superconductor  will,  of 

course,  be  anisotropic,  particularly  in  its  magnetic  properties. 

If  a  rare  earth  atom  is  substituted  for  yttrium  the  transition  temperature  does  not 
change.  Yet,  ordering  in  the  z-direction  should  depend  on  the  coupling  of  the  wave 
functions  through  the  yttrium  layer  or  rare  earth  layer  that  has  replaced  it.  In  the 
former  case  a  4d  orbital  on  yttrium  may  be  involved;  in  the  latter  case,  a  5d  orbital  or, 
more  probably,  a  4f  orbital.  The  coupling  should  be  altered  by  the  substitution  in  either 
case . 

It  is  possible  that  phase-ordering  of  bipolarons  will  occur  near  T^,  in  the  x-y  plane. 
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One-,  this  ordering  has  proceeded  far  enough  the  coupling  across  the  yttrium  (or  rare 
earth)  plane  will  become  strong  independent  of  the  value  of  the  local  coupling  constant 
because  an  increased  2D  correlation  can  easily  compensate  for  a  reduced  z-coupling. 


A  remarkable  observation  of  the  elastic  properties  of  the  yttrium  compound  seems  to 
support  the  one-dimensional  model  of  bipolarons.  Below  the  transition  point,  the  torsion 
frequency  increases  by  approximately  1%.  If  bipolarons  extend  in  the  x-direction,  and  if 
interaction  between  these  bipolarons  is  established  by  the  phase  transition  in  the 
z-direction,  then  an  increase  in  the  torsion  frequency  should  indeed  be  expected. 

n 

Measurements  performed  at  Bell  Labs'  on  nuclear  quadrupole  resonance  give  explicit 
information  on  the  location  of  the  superconducting  electrons.  The  relaxation  time  of 
nuclear  spins  depends  on  the  ability  of  adjacent  electrons  to  accept  very  small  amounts  of 
energy.  For  Cu^'*'  in  the  perovskite  plane,  this  relaxation  time  varies  inversely  with 
temperature  and  shows  only  a  small  irregularity  at  T^,.  The  behavior  is  similar  to  that 
found  in  common  metals.  But  for  the  Cu^*  excitations,  the  relaxation  time  is  practically 
temperature-independent  above  T^,,  while  below  T^,,  the  relaxation  time  increases  rapidly 
with  decreasing  temperature.  One  may  consider  this  as  evidence  that  bipolarons,  which  are 
ordered  and  frozen  when  superconductivity  sets  in,  are  found  with  highest  probability  in 
the  monoxide  planes. 

Recent  observations  (Walstedt  et  al.,  unpublished;  Kohara  et  al.,  unpublished)  raise 
doubts  about  the  assignment  of  observed  resonances  to  the  Cu  ions  in  the  monoxide  and 
perovskite  layers.  Our  theory  agrees  with  the  original  assignment.  The  observed  relax¬ 
ation  times  have  been  interpreted,  so  far,  on  the  basis  of  the  interaction  of  Gadolinium 
f-electrons  with  the  magnetic  dipoles  of  the  Cu  nuclei.  For  a  proper  evaluation  of  the 
relaxation  times  (longitudinal  or  transverse)  the  interaction  through  the  hybrid  wave 
functions  for  electrons  and  bipolarons  must  also  be  considered.  This  could  establish  a 
strong  indirect  coupling  between  the  Gadolinium  f-electrons  and  the  Cu^'*’  ions  in  the 
monoxide  layer. 


In  the  search  for  superconductivity  at  even  higher  temperatures,  high  conductivities  of 
somewhat  irregular  nature  were  found  when  some  of  the  oxygens  in  the  yttrium  compound  were 
replaced  by  fluorine.®  Zero  resistance  was  reported  at  temperatures  as  high  as  160°K,  and 
small  magnetic  anomalies  showed  up  even  above  300°K.  The  ion  F”  is  more  stable  than  0^“. 

If  the  substitution  occurs  in  the  perovskite  plane,  fewer  electrons  may  become  available 
in  that  layer  of  negative  ions  and  fewer  holes  may  participate  in  forming  complex  Bloch 
functions.  Other  changes  may  be  more  important.  Whenever  a  fluorine  displaces  an  oxygen, 
one  more  electron  is  injected  into  the  system.  Additional  electrons  may  also  be  placed  in 
the  x^-  and  y^-orbits  in  the  perovskite  plane.  The  result  may  be  a  higher  or  lower  density 
of  bipolarons;  this  will  influence  the  ordering  of  bipolarons  and  might  account  for  the 
observed  phenomena  above  the  critical  temperature  as  well  as  for  the  increase  in  the 
critical  temperature. 

The  coupling  between  layers  proposed  in  our  model  may  depend  on  the  location  of  the  0 
ions.  Such  dependence  might  actually  be  observed.  The  symmetric  vibration  of  two  oxygen 
ions  on  the  z-axis  located  below  and  above  a  Cu®*  ion  in  the  monoxide  plane  may  be  excited 
by  irradiating  the  yttrium  compound  with  two  laser  beams  of  different  frequency,  where  the 
difference  of  the  energy  of  the  light  quanta  equals  the  quantum  of  the  vibration.  Since 
this  vibration  is  apt  to  change  the  polarizability  of  the  crystal  near  the  Cu  ion,  an 
effective  excitation  of  the  vibration  should  be  obtained. 


34 


One  should  expect  that  in  the  course  of  such  a  vibration,  the  values  of  ap  and  Bj,,  will 
change.  The  group  velocity,  Vgy,  in  (7)  may  change  in  a  sensitive  way  in  the  course  of 
such  a  vibration.  Therefore,  if  a  crystal  carrying  a  strong  superconducting  current  is 
irradiated,  the  current  is  modulated  by  the  vibration,  and  the  frequency  difference  of  the 
two  laser  beams  should  be  emitted  in  the  infrared.  The  emission  should  be  polarized 
parallel  to  the  current  and  should  be  proportional  to  the  square  of  the  current. 

In  principle,  the  experiment  can  be  carried  out  in  a  multicrystalline  conglomerate,  but 
the  small  currents  and  correspondingly  small  emissions  may  make  the  observation  difficult. 

A  further  difficulty  is  that  other  nonsymmetric  vibrations  may  be  excited.  Some  are  active 
in  the  infrared  and  will  emit  even  in  the  absence  of  a  current. 

The  dependence  of  the  current  on  the  oxygen  locations  is  hard  to  predict;  at  the  same 
time,  if  the  right  polarization  and  the  right  dependence  on  the  current  is  observed,  this 
would  give  strong  support  to  the  model  we  are  proposing. 

Our  model  leads  to  a  relatively  simple  coupling  between  oxygen-displacements  and  the 
positions  of  bipolarons.  For  instance,  one  may  find  below  the  transition  temperature  T^, 
that  bipolarons  are  located  in  every  second  Cu-O-Cu-0  chain  while  the  oxygens  in  the 
intervening  Cu-O-Cu-0  chains  are  polarized.  This  specific  model  relies  on  the  bending 
vibrations  of  oxygens  with  particularly  low  frequency  and  low  restoring  force.  At  the 
same  time  bipolarons  which  are  closest  to  each  other  in  the  x-y  plane  should  be  180°  out 
of  phase.  This  would  reinforce  their  action  in  the  oxygens  located  between  them.  Thus 
the  bipolarons  would  form  a  superlattice  with  a  period  four  times  the  lattice  distance. 

(We  are,  of  course,  considering  relative  displacements  of  nearby  oxygens  rather  than 
absolute  displacements.)  The  superlattice  may  become  visible  in  the  diffraction  pattern 
giving  maxima  at  1/4  of  the  lattice  distance  in  the  reciprocal  lattice  of  oxygen  ions. 


The  intensity  of  the  subsidiary  maxima  should,  however,  be  extremely  small.  The 
relative  oxygen  displacements  are  of  the  order  of  the  zero-point  vibrations  and  the 
observed  intensities  should  be  proportional  to  the  square  of  the  displacement.  This 
results  in  intensities  less  than  10“^  of  the  regular  interference  spots. 

If  interference  peaks  indicating  a  superlattice  are  found  this  would  show  in  an 
explicit  manner  that  high-temperature  superconductivity  is  connected  with  a  particularly 
simple  arrangement  of  the  electrons. 

Our  model  depends  sensitively  on  specific  properties  of  the  lanthanum  and  yttrium 
compounds.  High  temperature  superconductivity  seems,  indeed,  to  be  a  rarity.  It  may 
occur  only  under  quite  specific  quantitative  conditions.  Those  proposed  in  this  paper  may 
not  be  unique.  Other  peculiar  circumstances  could  well  lead  to  pairing  and  ordering  of 
electrons  at  high  temperatures  and,  thereby,  to  superconductivity. 
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Abstract 


Resonant  photopumping  is  an  attractive  and  potentially  very  efficient  technique  for 
achieving  x-ray  lasing  in  plasmas.  At  the  Naval  Research  Laboratory  we  are  pursuing  the 
realization  of  one  of  the  most  promising  photopumped  schemes  wherein  heliumlike  sodium  pumps 
haliumlike  neon.  The  theoretical  side  of  this  research  has  revealed  the  conditions  required 
for  the  sodium  and  neon  plasmas  to  maximize  the  possibility  of  photopumped  fluorescence  and 
lasing.  On  the  experimental  side,  a  powerful  (25  GW)  z-pinch  source  of  sodium  line  pumping 
radiation  has  been  developed  and  characterized.  A  separate  neon  plasma,  driven  by  part  of 
the  return  current  from  the  sodium-bearing  plasma,  has  been  deployed  side-by-side  with 
respect  to  the  sodium  line  source  at  a  distance  of  5  cm.  The  presence  of  photopumping  has 
been  indicated  in  fluorescing  spectra.  The  remaining  steps  toward  achievement  of  an  x-ray 
laser  are  reducing  the  spatial  separation  of  the  pumped  and  pumping  plasmas,  increasing  the 
pump  line  power  of  the  pumping,  sodium-bearing  plasma,  and  improving  the  uniformity  and 
stability  of  th'  neon  plasma. 

1 .  Introduction 

For  more  than  a  decade,  line  coincident  (resonant)  photopumping-has  been  considered  a 
promising  approach  for  realizing  x-ray  lasers  in  a  plasma  medium.  All  x-ray  lasers  to 
date,  however,  have  achieved  population  inversions  either  by  electron  collisional  excitation 
or  recombination.  Moreover,  the  shortest  lasing  wavelength  yet  obtained”  using  resonant 
photopumping  is  2163  X,  well  outside  the  x-ray  region.  Perhaps  the  most  attractive 
photopumping  scheme  which  could  push  the  lasing  wavelength  an  order-of-magnitude. shorter  is 
the  use  of  the  Na  X  ls^-ls2p  line  at  11.0027  X  to  pump  the  Ne  IX  ls^-ls4p  '^P,  line  at 
11.0003  X.  At  the  Naval  Research  Laboratory  (NFL),  we  have  pursued  this  promising'^^approach 
in  a  coordinated  experimental  and  theoretical  program,  and  have  made  considerable  progress 
toward  the  goal  of  an  efficient,  photopumped  x-ray  laser.  In  Section  2,  the  fundamental 
theory  of  lasing  in  this  scheme,  the  constraints  imposed  by  atomic  physics  on  the  plasma 
properties,  and  the  diagnosis  of  the  pumping  (sodium-bearing)  and  fluorescing  or  lasing 
(neon)  plasmas  are  discussed.  Section  3  deals  with  the  experiments  which  have  been  carried 
out  using  NRL's  Gamble  II  generator  to  produce  both  the  pumping  and  pumped  plasmas  in  order 
to  demonstrate  fluorescence.  Finally,  in  Section  4  our  principal  conclusions  and  the 
outlook  for  obtaining  lasing  using  this  method  are  summarized. 

2 .  Theory  of  the  Sodium-Neon  Lasing  System 

2The  es|ence  of  this  approach  to  x-ray  lasing  is  depicted  in  Figure  1.  The  very  strong 
Is  -ls2p  P,  line  of -heliumlike  Na  X  lies  at  a  wavelength  which  differs  by  2  parts  in  lo’ 
from  that  or  the  Is  -ls4p  line  in  heliumlike  Ne  IX.  The  existence  of  this  line 
coincidence  and  its  significance  for  x-ray  lasing  were  first  pointed  out  by  Vinogradov,  et 
al  in  1975.  This  wavelength  difference  corresponds  to  only  one  Doppler  width  at  typical 
sodium  plasma  temperatures  (200  -  500  eV)  required  to  optimize  radiation  from  the  heliumlike 
stage.  Thus  there  is  no  question  as  to  the  adequacy  of  the  wavelength  match.  The  Ne  IX 
wavelength  of  11.0003  X  was  calculated  as  describe^^^  in  Refs.  9  and  10.  The  Na  X  wavelength 
of  11.0027  X  was  calculated  by  Ermolaev  and  Jones.  According  to  Martin  and  Zalubas,^  the 
accuracy  of  such  calculations  for  a  two-electron  system  in  this  atomic  number  range  is  at 
least  1  part  in  10^  (i.e.,  much  smaller  than  a  thermal  line  Doppler  width).  Therefore, 
sodium  line  radiation  of  sufficient  power  streaming  into  a  properly  prepared  neon  plasma 
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would  be  expected  to  overpopulate  the  Ne  IX  n-4  singlet  levels,  leading  to  lasing  in  the  4-3 
and  4-2  transitions,  and  possibly  also  the  3-2  lines.  The  lasing  wavelengths  would  be 
230  A,  58  A,  and  82  X,  for  the  4-3,  4-2,  and  3-2  transitions,  respectively. 


He  -  like  Na 
PUMP 


He- like  Ne 
LASANT 


Figure  1.  Simplified  energy  level  diagram  for  sodium-neon  resonant  photopumping. 

In  the  approach  to  fluorescence  and  ultimately  lasing,  we  have  followed  a  step-by-step 
approach.  First,  develop  and  characterize  an  adequate  sodium-bearing  plasma  pump  source. 
Then,  develop  and  characterize  a  neon  lasant  plasma  of  proper  conditions.  Finally,  deploy 
the  neon  plasma  close  enough  to  the  sodium  plasma  to  facilitate  resonant  pumping  -  resulting 
in  fluorescence  or  possibly  lasing.  We  now  consider  the  desired  characteristics  of  such  a 
system  from  a  theoretical  viewpoint.  Section  3  describes  the  experiments  and  the  results 
obtained  to  date. 

2.1  Desired  properties  of  sodium  pump  source. 

Detailed  analysis  of  what  is  required  for  the  heliumlike  sodium  line  pump  source  has  been 
presented  in  Refs.  4  and  6.  In  brief,  the  gain  achievable  in  the  neon  lasant  plasma  is 
nearly  lineaj  in  thj  pump  line  strength.  Therefore,  the  greater  the  power  radiated  in  the 
11.0027  A  Is  -ls2p  P,  line  of  Na  X,  the  better,  with  one  caveat.  If  the  sodium  plasma 
becomes  so  optically  thick  due  to  size,  density,  or  combination  of  both  that  the  continuum 
power  becomes  competitive  with  that  of  the  resonance  line,  over  the  same  frequency  interval, 
all  of  the  Ne  IX  levels  will  be  optically  pumped,  extinguishing  the  gain.  In  practice  this 
condition  has  not  occurred  in  any  laboratory  sodium-bearing  plasma,  but  it  must  be  kept  in 
mind  as  higher  power  plasma  configurations  are  designed. 
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To  obtain  adequate  pump  power  from  a  sodium-bearing  plasma  the  density  should  be  high  and 
the  temperature  should  be  in  the  upper  end  of  the  proper  range  for  a  substantial  fraction  of 
the  ions  to  be  in  the  heliumlike  stage.  These  factors  promote  substantial  collisional 
population  of  the  upper  radiating  level  without  overionization  into  the  hydrogenic  stage. 
In  practice,  an  appropriate  temperature  range  is  200-500  eV.  Generally,  the  highest  density 
possible  is  desirable  with  the  proviso,  explained  above,  that  the  continuum  radiation  remain 
well  below  that  of  the  lines.  Densities  at  least  an  order  of  magnitude  higher  than  those 
currently  achieved  (Table  I)  would  be  even  more  effective  in  generating  pump  power. 

A  sodium-fluoride  capillary  discharge  plasma  source  has  been  developed  and  used  on  the 
Gamble-II  generator  at  NRL  to  produce  a  4-cm  long  sodium  fluoride  z-pinch  implosion.  This 
source  is  discussed  in  Section  3.  Spatially  resolved  sodium  K  shell  x-ray  spectra  have  been 
measured  and  used  in  conjunction  with  a  detailed  atomic  model  of  sodium  to  determine  the 
properties  of  this  plasma,  which  contain  as  many  fluorine  ions  as  sodium  ions.  Properties 
of  this  plasma,  based  on  the  analysis  of  Ref.  13,  are  summarized  in  Table  I  below. 

Table  I.  Properties  of  Sodium  Fluoride  Z  Pinch  Plasmas 


Shot 

Diam. ( cm) 

Pulsewidth (ns) 

Pump  Line  yield(J) 

N^(cm  ^) 

Tg ( eV ) 

A 

0.22 

20 

610 

3.6  X  10^° 

240 

B 

0.28 

14 

380 

8.2  X  10^^ 

490 

C 

0.32 

17 

350 

6.7  X  10^® 

470 

The  quantities  in  this  Table  have  been  spatially  averaged  along  the  z-pinch  axis.  Ref. 
13  should  be  consulted  for  the  detailed  spatially-resolved  analysis.  The  pulsewidth  given 
in  Table  I  is  the  f ull-width-at-half-maximum  of  sodium  K  shell  radiation.  Note  that  Shot  A 
was  most  effective  in  producing  pump  line  radiation,  converting  6%  of  the  10  kj  of 
electrical  energy  coupled  into  the  plasma  into  610  J  in  the  pump  line.  If  a  pure  sodium 

source  were  used,  this  efficiency  is  likely  to  increase  to  at  least  10%,  as  half  the  energy 

coupled  to  the  sodium  fluoride  plasma  is  wasted  in  stripping  and  exciting  fluorine  ions. 
Inspection  of  Table  I  reveals  that  for  these  z  pinch  plasmas,  moderate  temperature  and  high 
density  is  most  effective  for  x-ray  production,  as  opposed  to  high  temperature  which  in  this 
case  is  associated  with  considerably  lower  density.  This  behavior  was  also  found  by  Gersten 
and  co-workers'^  for  aluminum  wire  z  pinch  plasmas. 

2.2  Desired  properties  of  the  neon  lasant  plasma. 

We  now  consider  the  neon  plasma  properties  required  for  fluorescence  and/or  gain.  The 

lower  lasing  levels  of  this  system  are  the  n  =  2  and  n  =  3  singlet  levels  of  heliumlike 

neon.  It  is  clearly  desirable  to  minimize  the  population  of  these  levels.  Therefore,  the 
neon  plasma  should  remain  at  the  lowest  possible  temperature  that  supports  a  substantial 
heliumlike  ground  state  population.^  Such  a  temperature  range  has  been  found  to  be  50-100  eV 
by  detailed  numerical  calculations.  At  these  relatively  low  temperatures  the  collisional 
excitation  rates  of  the  lower  lasing  levels  are  nearly  negligible  and  the  population 
dynamics  will  be  controlled  completely  by  the  radiative  pumping  of  the  ls4p  level  and 

the  resulting  cascade.  The  optimum  densities  for  the  neon  lasant  plasma  are  controlled  by 
the  usual  tradeoffs.  At  high  density,  collisional  mixing  of  the  lasing  levels  spoils  the 
gain,  whereas,  if  the  lasing  plasma  density  becomes  too  low,  there  are  simply  not  enough 
lasing  ions_to  support  a  significant  gain.  For  Ne  IX,  the  high-density  cut  off  occurs  near 
N  =  2  X  10^  cm  for  the  4-3  transitions  at  230  X  but  substantial  gain  may  be  possible, 
dipending  on^the  pump  strength,  at  considerably  lower  electron  densities  ranging  down  to 

With  respect  to  the  neon  plasma  size,  the  limiting  factor  is  the  optical  depth  of  the 
1-2  and  1-3  resonance  lines  which  through  photon  trapping,  can  enhance  the  populations  of 
the  n  =  2  and  n  =  3  singlet  levels,  thus  quenching  the  ^ain.  Numerical  calculations  have 
shown  that, optical  depths  up  to  about  ten  in  the  ls'^-ls2p  line  of  heliumlike  neon  can  be 

tolerated.  This  applies  to  a  stationary  plasma.  Differential  mass  motions  would  relax 
this  limit  as  some  of  the  photonjgWould^  be  Doppler-shifted  out  of  the  highly  absorbing  line 
core.  At  an  ion  density  of  10  cm  with  50%  heliumlike  neon,  the  optical  depth  limit 
corresponds  to  a  diameter  of  0.7  mm,  for  the  pessimistic  case  of  a  stationary  plasma. 

2.3  Theoretical  fluorescent  spectra  and  achievable  gain. 

If  the  pump  line  strength  is  expressed  in  terms  of  equivalent  blackbody  brightness 
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temperature  Tj^,  the  gain  in  the  4f-3d  singlet  transition  (230  A)  is  given  approximately  by 

k(cm  =  10^  exp  ( -1127/T^( eV ) ) 

19  -3 

at  the  favorable  electron  density  of  10  cm  .  We  have  assumed  one-sided  irradiation  of 
the  neon  in  the  above  expression.  Our  best  Gamble-II  sodium  implosions  with  a  yield  of 
600  J  in  the  pump  line  cannot  be  directly  translated  to  monochromatic  intensity  because  high 
resolution  line  profile  measurements  have  not  been  made.  However,  for  the  somewhat 
conservative  assumption  that  the  sodium  line  is  ten  times  wider  than. the  neon  pumped  line 
(due  to  greater  Doppler  and  opacity  broadening)  a  gain  of  0.1  cm  is  determined  for  a 
separation  of  5  cm.  This  gain  is  inversely  proportional  to  the  distance  between  the  plasmas 
and  directly  proportional  to  the  pump  line  yield.  As  a  first  step  toward  establishing  the 
presence  of  photopumping,  calculations  have  been  performed  of  the  neon  K-shell  spectra 
expected  to  be  emitted  from  both  pumped  and  non-pumped  neon  plasmas.  The  non-pumped  neon 
spectra  are  characteristically  thermal,  and  the  intensities  of  the  heliumlike  resonance 
lines  decrease  monotonically  with  higher  series  lines.  For  neon  plasmas  pumped. with  the 
Gamble-II  source  at  a  distance  of  5  cm,  the  calculations  predict  that  the  ls^-ls4p'^P^  line, 
of  Ne  IX  should  be  anomalously  bright  for  all  temperatures  from  50  to  150  eV.  At  the'^higher 
end  of  this  temperature  range  the  Is'^  -  ls2p  line  is  brighter  than  the  pumped  1-4  line, 

but  the  pumped  line  is  stronger  than  the  adjacent  1-3  line.  If  the  neon  plasma  temperature 
is  less  then  100  eV ,  the  1-4  line  intensity  exceeds  even  that  of  the  1-2  line.  As  will 
become  evident  in  Section  3,  types  of  fluorescent  spectra  corresponding  to  both  the  high  and 
low  ends  of  this  temperature  range  have  been  produced  on  Gamble-II,  providing  direct 
evidence  of  x-ray  photopumping. 


3.  Fluorescence  Experiments 

The  experimental  setup  used  for  the  fluorescence  experiments  is  shown  in  Figure  2.  The 
Gamble  II  generator  is  located  to  the  left  of  the  figure  and  is  charged  negative  with 
respect  to  ground.  An  externally  driven  capillary  discharge  source  injects  sodium  fluoride 
plasma  across  the  4-cm  diode  gap.  A  confining  nozzle  (1  to  2-cm  dia)  restricts  radial 
expansion  of  the  plasma  from  the  capillary  source.  Up  to  1.2-MA  of  current  from  Gamble  II 
is  driven  through  this  low  impedance  load  to  implode  the  plasma.  The  capillary  discharge 
source  and. properties  of  sodium  fluoride  plasmas  imploded  on  Gamble  II  have  been  described 
elsewhere.  '  Such  implosions  have  produced  total  sodium  K-shell  x-ray  powers  in  excess 
of  50  GW  and  sodium  He-a  pump  line  powers  of  up  to  25  GW.  Current  from  the  Gamble  II 
generator  flows  from  the  wire  mesh  cathode  through  the  sodium  fluoride  plasma  and  back  to 
ground  through  an  array  of  current  return  rods  equally  spaced  azimuthally  around  the  axis. 
For  this  experiment,  one  of  these  rods  is  replaced  with  a  neon  plasma  column  as  shown  in 
Figure  2.  Only  a  fraction  of  the  total  current  flows  through  the  neon.  It  is  estimated 
that  about  200  kA  of  current  is  required  to  heat  the  neon  to  50-100  eV  temperature.  The 
neon  column  is  produced  by  puffing  gas  through  a  fast  opening  valve  and  a  6-mm  diameter 
copper  tube  aimed  as  shown.  The  neon  mass  is  adjusted  by  varying  the  plenum  pressure 
upstream  of  the  valve.  No  effort  has  been  made  to  optimize  the  gas  flow  (e.g.,  by  using  a 
supersonic  nozzle  instead  of  an  open  tube),  and  as  a  result  the  neon  implosions  are  far  from 
ideal.  Currents  through  the  sodium  fluoride  and  neon  plasmas  are  measured  with  the 
Rogowski  current  monitors  shown  in  Figure  2. 


X-ray  radiation  from  both  plasmas  was  measured  in  the  radial  direction.  The  sodium 
fluoride  plasma  was  viewed  through  gaps  between  the  current  return  rods.  Diagnostics 
included  time-resolved  x-ray  diodes  (sodium  K-shell  and  neon  L-shell),  time-integrated 
pinhole  cameras  (sodium  K-shell  and  neon  L-shell)  and  a  KAP  curved  crystal  spectrograph. 
The  spectrograph  was  aligned  to  the  neon  plasma  in  order  to  record  neon  K-shell  emission. 
The  sodium  K-shell  emission,  which  reached  the  crystal  from  a  different  angle,  was  reflected 
in  second  order  and  collected  at  a  different  location  on  the  film,  well  separated  from  the 
neon  spectrum.  The  primary  purpose  of  the  spectrographic  measurements  was  to  detect 
fluorescence  through  anomalously  strong  He-Y  (11  X)  line  emission  from  the  neon  plasma. 

Current  and  x-ray  diode  traces  for  a  shot  where  the  sodium  fluoride  and  neon  plasmas  were 
imploded  are  shown  in  Figure  3.  A  peak  current  of  1  MA  flows  through  the  sodium  fluoride 
plasma  while  only  150  kA  flows  through  the  neon  plasma.  The  sodium  implosion  occurs  110  ns 
after  the  start  of  the  current  with  the  emission  of  an  intense  burst  of  K-shell  x-rays.  The 
neon  implosion,  as  evidenced  by  the  peak  in  the  L-shell  radiation,  precedes  the  sodium 
fluoride  implosion  by  25  ns. 

The  neon  K-shell  x-ray  spectrum  for  this  shot  is  compared  in  Figure  4  with  the  spectrum 
from  a  shot  where  no  sodium  plasma  was  present.  For  the  top  spectrum  in  Figure  4,  the 
sodium  plasma  was  replaced  with  a  1-cm  dia  metallic  rod.  The  presence  of  both  NeIX  and  NeX 
line  emissions  in  these  time-integrated  spectra  indicates  that  the  neon  was  significantly 
hotter  than  the  desired  50-100  eV  temperature  at  some  time  during  the  implosion.  The 
spectrum  without  the  sodium  was  produced  with  240  kA  through  the  neon.  This  spectrum  is 
more  intense  and  represents  a  significantly  hotter  and/or  denser  plasma  than  the  spectrum 
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Figure  2.  Experimental  arrangement  on  Gamble 
II  for  sodium/neon  fluorescence  experiments. 
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Figure  4.  X-ray  spectra  recorded  on  shots 
with  the  sodium  pump  (bottom)  and  without 
the  sodium  pump  (top).  Spectral  lines  from 
NeIX  and  Nex  are  identified.  The  bottom 
spectrum  is  for  the  shot  presented  in 
Figure  3. 


Figure  3.  Current  and  x-ray  traces  for 
sodium  fluoride  and  neon  implosions.  The 
K-shell  trace  is  for  sodium  x-rays,  and 
the  L-shell  trace  is  for  neon  x-rays. 
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with  the  sodium  pump.  The  top  spectrum  is  representative  of  a  thermal  neon  plasma,  ' 
while  the  reversal  in  the  ratio  of  the  NeIX  He-7  and  He-^  line  strengths  in  the  bottom 
spectrum  is  striking  in  comparison.  We  have  no  reasonable  explanation  for  the  He-7/He-^ 
line  ratio  exceeding  unity  in  this  spectrum  except  by  resonantly  photopumped  fluorescence. 
There  is  no  spectral  evidence  of  sodium  or  fluorine  line  radiation  from  possible  migration 
of  sodium  fluoride  plasma  into  the  neon  implosion.  Two  points  should  be  emphasized.  First, 
these  spectra  are  densitometer  traces,  not  x-ray  intensities,  so  relative  amplitudes  of 
lines  will  change  upon  further  analysis  without  however  changing  the  basic  conclusion  that 
fluorescence  is  observed.  Second,  the  spectrum  is  time-integrated,  thus  the  strong  NeX  L-<* 
and  NeIX  He- a  lines  were  probably  emitted  during  the  neon  implosion  (85  ns  in  Figure  3) 
rather  than  at  110  ns  when  pumping  occurred.  Since  the  spectra  indicate  that  the  neon  is 
significantly  hotter  than  the  desired  50-100  eV  at  implosion,  this  delay  in  the  sodium 
fluoride  implosion  may  allow  the  neon  plasma  to  cool  before  the  pump  radiation  is  emitted. 
We  can  speculate  that  a  time-resolved  spectral  measurement  would  show  a  stronger  fluorescing 
He-Y  line  relative  to  the  other  NeIX  lines  in  the  spectrum  at  the  time  of  pumping. 

On  another  shot,  the  crystal  spectrograph  was  configured  to  measure  K-shell  x-ray 
emission  in  first  order  from  both  the  sodium  fluoride  and  the  neon  implosions.  The  relative 
timing  of  the  implosions  was  similar  to  that  shown  in  Fig.  3  so  that  the  condition  of  the 
neon  plasma  could  well  be  appropriate  for  fluorescence  at  the  time  of  the  sodium  fluoride 
implosion.  The  spectral  film  recording  for  this  shot  is  presented  in  Fig.  5.  The  spectrum 
is  dominated  by  intense  NaX  and  NaXI  line  radiation.  Several  of  these  sodium  K-llnes  are 
saturated.  Because  the  sodium  and  neon  plasmas  are  separated  In  space,  their  K-shell  spectra 
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Figure  5.  Film  recording  of  the  K-shell  x-ray  spectrum  for  a  shot  where  both  sodium  fluoride 
and  neon  are  Imploded.  The  neon  He-Y  line  is  Just  to  the  left  of  the  Na  XI  Ly-«  line.  The 
aluminum  lines  arise  from  the  use  of  an  aluminum  nozzle. 


are  not  coincident,  even  for  the  same  wavelength.  We  can  calculate,  knowing  tig'  c>epara*io!> 
of  the  two  sources,  exactly  wliere  each  neon  line  should  appear  relative  to  ttie  sodium  lines. 
The  narrow  line  Just  to  the  left  of  the  NaXI  L-a  line  appears  at  exactly  the  location  wlc-re 
the  neon  He-Y  fluorescence  line  is  expected.  No  emission  \tias  detected  correspond  1  ng  to  the 
NeIX  He-a  atid  He-^  lines.  Tlie  oresence  of  the  fle-Y  line  and  the  atisence  oc  tr'*'  -U-- a  and 
He-/3  lines  are  cjgsistent  with  resonance  photopumping  of  a  relatively  colrj  (~  fo  eV)  and 
tenuous  (N^  <  10  cm"-')  neon  plasma.  At  higher  electron  densities,  collisional  coupling  in 

the  cascade  process  would  lead  to  detectable  He-a  and  Ue-P  emission. 

*4.  Conclusions  and  Outlook 


In  summary,  v;e  have  taken  theoretical  predictions  of  resonant  photopumping  of  neon  by  the 
sodium  He-a  line  and  have  devised  an  experimental  system  to  test  these  predictions.  The 
theory  indicates  that  a  reversal  of  the  normal  ratio  of  the  He-Y  and  He-/3  lines  due  to  coin¬ 
cident  photopumping  should  be  detectable  on  Gamble  II.  The  experimental  geometry  permits  us 
to  drive  different  currerits  through  each  of  the  plasmas  on  the  same  Gamble-II  shot  and 
thereby  to  achieve  conditions  appropriate  for  fluorescence.  Ti-.e  preliminary  spectroscopic 
results  provide  evidence  for  fluorescence  on  some  shots. 

For  the  riomitial  separation  of  5  cm  between  the  sodium  and  neon  plasm, as,  a  gain  of  about 
0.1  cm”  in  the  ^f  -  3d  singlet  lasing  transition  is  theoretic'ally  obtainable  vjith  the  opti¬ 
mum  experimental  pump  power.  This  gain  is  proportional  to  the  pump  power  and  Inversely  pro¬ 
portional  to  the  separation.  Several  improvements  are  planned  to  confirm  the  fluorescence 
observations  and  possibly  to  provide  conditions  necessary  for  lasing  on  Gamble  II.  'We  plan 
to  improve  the  sodium  pump  by^replaclng  the  sodium  fluoride  capillary  discharge  vilth  a  pure 
annular  sodium  plasma  source'^'^  which  is  under  development.  Such  a  source  will  net  only 
nearly  double  the  pump  line  radiation  by  eliminating  the  fluorine,  but  because  of  its  thin 
annular  shape  and  uniform  density,  vjlll  produce  better  behaved,  axially  simultaneous  implo¬ 
sions  which  should  further  Increase  the  pump  line  power.  Improvemetjts  in  the  neon  plasma 
Include  replacing  the  open  tube  with  a  pnpe'-x^oni  c  mini-nozzle,  and  driving  the  neon  plasma 
Independently  of  the  Gamble  II  generator  with  an  external  capacitor  bank.  With  better 
collimated  sodium  and  neon  plasma  sources,  the  distance  between  the  two  plasmas  may  be 
decreased  by  at  least  a  factor-of-two . 
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ABSTRACT 

A  scheme  employing  neonlike  krypton  ions 
is  under  intensive  theoretical  and 
experimental  investigation  to  determine  the 
feasibility  of  developing  a  pulsed-power 
driven  laboratory  x-ray  laser.  The  scheme 
depends  on  discharging  lOO's  of  kilojoules  of 
electrical  energy  through  co-axial 
cylindrical  krypton  gas  puffs  generating  a 
dense,  hot,  uniform,  homogeneous,  and  highly 
ionized  krypton  plasma.  The  outer  plasma  is 
accelerated  radially  inwards  and  achieves 
speeds  approaching  4-5  x  10'  cm/sec.  When  it 
impinges  and  stagnates  on  the  inner  plasma, 
an  inwardly  propagating  shock  wave  is 
produced,  and  the  inner  plasma  reverberates 
and  bounces  outward.  Near  the  interface 
between  the  two  interacting  plasmas,  and 
along  the  axis,  conditions  appear  to  be 
conducive  to  the  establishment  of  a 
population  inversion  with  the  subsequent 
emission  of  coherent  soft  x-rays  with 
measurable  gain.  The  theoretical  analysis 
and  numerical  simulations  are  based  on  a 
fully  coupled  self-consistent  one-dimensional 
non-LTE  radiation  hydrodynamics  model 
including  the  effects  of  opacity  and 
radiation  transport.  The  multi-level 
ionization  dynamics  is  evaluated  in  the 
collislonal  radiative  equilibrium  (CRE) 
approximation  for  the  manifold  of  both  ground 
and  excited  states  distributed  throughout  the 
various  stages  of  ionization.  In  addition, 
particular  emphasis  is  placed  on  the  atomic 
structure  of  the  neonlike  ionization  stage 
which  in  our  model  consists  of  48  excited 
levels  in  j-j  coupling.  The  evolution  of  the 
level  populations  as  functions  of  the  various 
atomic  processes  provides  information  on  the 
conditions  necessary  to  establish  population 
inversions  and  the  emission  of  coherent 
radiation  in  the  lasing  transitions.  At  the 
densities  of  interest  the  spectral  line 
profiles  are  represented  by  Voigt  functions. 

INTRODUCTION 

Since  the  successful  laboratory 
demonstra  'n  of  soft.x^ray  lasing  using  a 
laser  produced  plasma ,  either  as  the  gain 
medium  or  as  a  broadband  x-ray  source  to 
photopump  specially  designed  targets 
generating  conditions  conducive  to  lasing,  a 
number  of  alternative  drivers  have  been 
proposed.  Chief  among  the  alternative 
technologies  is  the  pulsed-power  capacitively 
discharged  z-pinch  plasma.  In  the  past, 
pulsed  power  driven  z-pinch  plasmas  were 
developed  as  intense  high  brightness  x-ray 
radiation  sources  for  application  in 
materials  testing,  spectroscopy  studies  of 
high-z  ions,  and  x-ray  lithography. 


Unfortunately,  the  history  of  these  plasmas 
has  not  made  them  prime  candidates  for  x-ray 
laser  gain  mediums  because  of  their  unstable 
behavior.  A  major  reason  for  this 
predicament  is  that  pulsed  power  driven 
material  loads  have  not  enjoyed  the  benefit 
of  long  years  of  detailed  studies  in  target 
design;  a  hallmark  of  the  laser  fusion 
program.  Recently,  however,  advances  in  the 
technology  of  load  materials  and 
configurations  combined  with  an  improved 
theoretical  understanding  of  the  load 
dynamics  has  led  to  a  revival  of  the  z-pinch 
plasma  as  a  potential  source  of  x-ray  lasers. 

Experiments  at  both  the  Naval  Research 
Laboratory  (NRL)  and  Physics  International 
Company  (PI)  have  indicated  the  possibilities 
for  this  new  emerging  technology.  At  NRL  the 
sodium/neon  system,  which  is  the  prototype  of 
the  line  coincidence  photopumping  schemes,  is 
under  intensive  investigation.  Preliminary 
results  appear  to  indicate  that  resonance 
fluorescence, has  been  achieved  in  the  pumped 
transitions.  The  scheme  involves  imploding 
and  heating  a  sodium  plasma  on  the  GAMBLE  II 
generator  to  temperatures  commensurate  with 
producing  the  sodium  He-like  resonance  pump 
line  to  photopump  the  He-like  ls^-ls4p  *^P 
transition  in  a  relatively  cool  neon  plasma 
in  a  side  by  side  configuration.  These 
experiments  are  very  encouraging  and  methods 
and  techniques  will  continue  to  be 
investigated  in  order  to  increase  the  power 
in  the  pumping  line  sufficiently  to  achieve 
measurable  gain  in  the  lasing  transitions. 
Another  series  of  pulsed  power  z-pinch 
experiments  at  PI  involves  stagnating  an 
outer  gas  puff  plasma  onto  a  cylindrically 
symmetric  coaxial  core  plasma  located  on  the 
axis.  Two  different  configurations  have  been 
investigated;  the^first  involves  concentric 
krypton  gas  puffs^  and  the  second  involves  a 
neon  puff  gas  plasma  stagnating  onto  an  ^ 
aluminum  coated  parylene  post  on  the  axis.^ 
The  krypton  design  explores  the  possibility 
of  creating  an  inversion  and  gain  in  the 
lasing  transitions  of  neonlike  krypton.  The 
experimental  results  are  somewhat  uncertain 
because  of  the  existence  of  line  admixtures 
at  the  lasing  wavelengths.  On  the  other 
hand,  the  theory  supports  the  existence  of 
gain  for  a  given  set  of  implosion  conditions 
discussed  in  the  text.  Preliminary 
experimental  results  from  the  second 
configuration  strongly  suggests  gain  in  the 
lasing  transitions  in  lithiumlike  aluminum  as 
the  aluminum  plasma  expands,  cools,  and 
recombines  after  collision  with  the  inward 
moving  neon  gas  puff  plasma.  All  these  new 
experimental  results  indicate  that  with 
proper  design,  z-pinch  plasmas  have  a 
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promising  future  as  a  potential  source  for 
laboratory  x-ray  lasers. 

In  support  of  the  experimental  program 
there  has  been  significant  advances  both  in 
the  theoretical  and  computational  description 
of  the  dynamics  characterizing  a  variety  of 
load  configurations  and  geometries.  With 
applications  ranging  from  fusion  plasmas  to 
x-ray  source  development,  the  theoretical 
models  vary  in  their  degree  of  complexity 
ranging  from  the  simple  Bennett  pinch 
equilibrium  models  to  the  sophisticated 
multidimensional  MHD  models.  The  major 
emphasis  in  the  past,  and  to  some  extent 
today,  has  focused  on  the  hydrodynamic 
behavior  of  the  implosion/explosion 
phenomenology.  For  low-z  plasmas,  or  more 
specifically  hydrogen  plasmas,  radiation 
cooling  is  described  by  bremsstrahlung,  and 
the  MHD  models  do  reasonably  well  in 
describing  the  plasmas  evolution.  However, 
for  partially  ionized  higher-z  plasmas 
radiation  loss  from  recombination  and  line 
radiation  far  exceeds  any  by  bremsstrahlung 
and  must  be  incorporated  into  the  models 
because  it  represents  a  major  energy  loss  and 
will  affect  the  dynamics  in  ways  that  are 
obvious  and  in  ways  that  are  quite  subtle. 
Although  this  problem  is  well  recognized  by 
now,  it  is  still  inadequately  dealt  with; 
recourse  is  oftentimes  made  to  models 
involving  blackbody  radiators  or  LTE  average 
atom  models.  Radiative  loss  terms 
represented  by  blackbody  emitters  grossly 
overestimate  the  radiation  cooling  rate  and 
provide  an  erroneous  description  of  the 
dynamics.  Similarly,  the  average  atom  model 
resorts  to  Local  Thermodynamic  Equilibrium 
(LTE)  arguments  constraining  the  plasma  to  be 
in  LTE  and  averages  over  the  details  of 
atomic  structure  vitiating  any  meaningful 
comparison  between  theory  and  experiment. 

Due  to  the  efforts  of  the  NRL  group,  major 
improvements  have  been  made  in  the  modeling 
of  radiating  z-pinch  plasmas.  The  capability 
now  exists  to  model  self-consistently  the 
full  non-LTE  radiation  MHD  behavior  of  z- 
pinch  plasmas,  including  opacity  effects  on 
the  heating  and  cooling  rates  as  well  as  the 
influence  of  radiation  on  the  instability 
growth  rates.  In  an  x-ray  laser  environment 
the  interplay  and  feedback  between  the  atomic 
processes,  radiation,  and  hydrodynamics  is  an 
extremely  important  and  delicate  interaction 
that  ultimately  determines  whether  lasing 
becomes  a  reality. 

To  model  the  experiments  at  PI  and  in  the 
spirit  of  our  earlier  work”  we  investigate 
the  behavior  of  a  krypton  gas  puff  plasma 
impinging  and  stagnating  onto  another  krypton 
gas  puff  plasma  located  on  the  axis.  It  has 
been  found  experimentally  that  upon  collapse 
the  inner  plasma  has  a  strong  stabilizing 
influence  on  the  outer  plasma  and  appears  to 
retard  the  development  of  plasma 
instabilities,  creating  a  fairly  uniform 
plasma  in  the  interaction  region  where  lasing 
may  thus  be  expected  to  occur.  The  strategy 
is  to  choose  initial  conditions  such  that  in 
the  interaction  region  between  plasmas,  the 
temperature  and  density  support  the  existence 
of  sufficient  quantities  of  neonlike  krypton 
for  times  long  enough  for  the  various  atomic 


processes  to  create  a  population  inversion  in 
the  upper  3p  and  3d  levels,  which  will 
subsequently  radiatively  decay  to  the  3s  and 
3p  levels,  respectively,  in  the  lasing  lines. 
The  model  used  to  describe  the  implosion 
dynamics  is  a  1-D  radiation  hydrodynamics 
model  including  a  self-consistent  treatment 
of:  (a)  hydrodynamics  and  thermal 

conduction,  (b)  atomic  dynamics,  and  (c) 
radiation  emission  and  transport. 

The  basic  hydrodynamic  variables  of  mass, 
momentum,  and  total  energy  are  transported  in 
one  dimension  using  a  numerical  scheme  with  a 
sliding-zoge  version  of  flux  corrected 
transport.  A  special  gridding  algorithm  is 
used  that  moves  zones  in  a  Lagrangian  fashion 
and  adjusts  the  mesh  in  order  to  resolve 
gradients  in  the  flow.  A  single  temperature 
assumption  is  made  in  the  core  plasma,  where 
the  equilibration  time  is  of  the  order  of 
picoseconds,  and  is  adequate  in  the 
stagnation  region,  where  the  equilibration 
time  can  be  of  the  order  of  nanoseconds;  the 
time  scale  for  significant  changes  in 
temperature  is  about  an  order  of  magnitude 
longer.  The  local  rate  of  change  of  energy 
resulting  from  radiation  transport,  t  ,, 
will  be  discussed  below. 

Most  gas-puff  implosion  experiments 
employ  an  azimuthal  magnetic  field  driver, 
whereas  the  calculations  we  will  describe  do 
not  consider  the  effects  of  magnetic  fields, 
but  instead  assign  an  initial  radial  velocity 
to  the  puff-gas  plasma.  This  allows  us  to 
study  the  physics  of  imploding  plasmas  in  an 
idealized  framework,  without  the 
complications  of  an  external  driver  and 
coupled  circuit.  We  have  codes  that  include 
the  magnetic  field  and  intend  to  consider 
more  general  configurations  in  future  work. 

In  a  driven  implosion  with  an  optimized  load, 
we  expect  a  neatly  uniform  velocity  to  be 
ultimately  achieved,  but  density  and 
temperature  gradients  will  be  produced  in  the 
puff,  particularly  near  the  outer  edge,  where 
Joule  heating  produces  a  layer  of  hot  plasma. 

The  atomic  level  populations  in  the 
plasma  are  determined  by  a  set  of  rate 
equations.  For  sufficiently  dense  plasmas, 
the  effective  population  and  depopulation 
rates  are  generally  fast  compared  with  the 
hydrodynamic  response.  Under  these 
circumstances,  an  equilibrium  assumption  can 
be  justified,  which  involves  dropping  the 
explicit  time  dependence.  The  plasma  is  then 
said  to  be  in  collisional-radiative 
equilibrium  (CRE),  whereby  the  plasma 
ionization  state  responds  instantaneously  to 
changes  in  hydrodynamic  quantities. 

The  atomic  model  for  krypton  consists  of 
about  100  levels  and  300  emission  lines. 

This  includes  all  the  ground  states  and 
selected  excited  states  distributed 
throughout  the  M-,  L-,  and  K-shells.  In 
addition,  a  detailed  neonlike  model  in  j-j 
coupling  containing  an  additional  48  excited 
levels  is  incorporated  into  the  overall 
atomic  model  in  order  to  provide  a  better 
picture  of  the  dynamics  of  the  neonlike 
levels  and  the  lasing  transitions.  The  rate 
coefficients  that  are  used  to  calculate  level 
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populations  are  obtained  using  various  atomic 
calculational  methods.  The  processes 
included  in  this  simulation  and  the  methods 
used  in  generating  the  corresponding  rate 
coefficients  are  summarized  elsewhere.  An 
abbreviated  Grotian  diagram  illustrating  the 
lasing  lines  along  with  their  wavelengths  and 
spontaneous  decay  rates  is  shown  in  Figure  1. 


Figure  1.  Energy  Level  Diagram  for  neonlike 
Krypton . 

Inner-shell  opacities  are  included  in  the 
model,  since  these  processes  are  very 
important  in  the  cool,  dense  plasma  regions. 
Inner-shell  photoionization  cross  sections 
for  the  neutral  element  are  calculated  as 
described  in  Duston  et  al.  and  the  positions 
of  the  ionization-dependent  absorption  edges 
in  the  low  density  limit  are  taken  from  the 
HartreegFock  calculations  of  dementi  and 
Roetti . 

Radiation  emission  from  and  absorption  by 
a  plasma  are  dependent  on  the  local  atomic 
level  population  densities.  Except  for 
optically  thin  plasmas,  the  level  populations 
depend  on  the  radiation  field,  since  optical 
pumping  via  photoionization  and 
photoexcitation  can  produce  significant 
population  redistribution.  Thus,  the 
ionization  and  radiation  transport  processes 
are  strongly  coupled  and  must  be  solved  self- 
consistently .  In  this  model,  an  iterative 
procedure  is  used,  where  level  populations 
are  calculated  using  the  radiation  field  from 
the  previous  iteration,  then  using  these 
populations  to  calculate  a  new  radiation 
field  and  recalculating  populations  until 
convergence  is  reached. 

A  probabilistic  radiation  transport 
scheme  is  employed,  which  forms  local  angle 
and  frequency  averaged  escape  probabilities 
for  each  emission  line  and  for  each  bound- 
free  process.  Free-free  radiation  is  treated 
with  a  multi  frequency  transport  formalism. 

The  escape  probabilities  calculated  for  the 


transport  of  bound-bound  radiation  take  into 
account  Doppler  and  Voigt  line  profiles.  The 
method  can  treat  comprehensive  atomic  models 
and  provides  good  overall  energetics,  but 
cannot  calculate  accurately  certain  spectral 
details  and  lines  with  very  high  optical 
depths.  Multifrequency  transport  of  lines 
and  continuum  is  adequate  for  the  above  but 
requires  lengthy  computer  simulations. 

Results 

The  numerical  simulations  were  performed 
for  an  outer  hollow  cylindrical  annular 
krypton  puff  gas  with  a  gaussian  mass  density 
distribution  of  140  //gm/cm^  with  its  centroid 
located  15mm  from  the  origin  and  an  inner 
coaxial  cylindrical  krypton  puff  gas  with  a 
gaussian  mass  distribution  of  20/jgm/cm^  with 
its  centroid  located  1mm  from  the  origin. 

The  configuration  is  schematically 
illustrated  in  Figure  2.  The  initial 
temperature  and  particle  density  of  thej^^uff_ 
gas  and  core  plasma  are  2.5,ev  and  2xl0'‘'  cm~ 
^  and  0.5  ev  and  2xl0'*’  cm~  ,  respectively. 

A  tenuous  background  plasma  was  placed 
between  the  puff, and  core  plasmas  with  a  mass 
density  of  5x10  gm/cm^ .  The  results  of  the 
simulation  are  insensitive  to  this  value, 
which  was  chosen  for  numerical  convenience. 
Finally,  the  outer  gas  puff  plasma  is  given 
an  initial  kinetic  energy  corresponding  to  a 
radial  implosion  velocity  of  4.5xl0'  cm/sec. 


Figure  2.  Initial  conditions  for  Gas  Puffs. 


The  outer  plasma  continues  to  move 
radially  inward  until  its  leading  edge  makes 
contact  with  the  boundary  of  the  core  plasma 
where  it  stagnates  onto  and  begins  to  cause 
compression  of  the  core.  During  this  phase 
of  the  implosion,  the  kinetic  energy  of  run- 
in  is  redistributed  into  thermal,  ionization, 
radiation  and  kinetic  energy  associated  with 
the  generation  and  propagation  of  weak  shocks 
and  rarefaction  waves  as  well  as  the  outward 
motion  of  material  after  the  "bounce."  This 
oscillatory  motion  continues  until  it  is 
damped  by  viscous  forces.  As  energy  is 
converted  during  the  stagnation  process 


46 


photons  are  emitted  over  a  broadband  spectrum 
extending  from  the  visible  to  the  soft  x-ray 
regime  preheating  the  core  plasma  which 
itself  begins  to  radiate.  The  interface 
region  between  the  interacting  plasmas  and, 
especially,  the  compressed  core  plasma  is 
where  we  expect  conditions  conducive  to 
lasing  to  occur. 

The  phenomenology  of  the  assembly  phase 
of  the  implosion  dynamics  is  best 
characterized  by  the  behavior  of  the 
hydrodynamic  variables,  particularly  the 
temperature,  density,  and  pressure  and  the 
cooling  rate  by  radiation.  Specifically 
focusing  on  the  times  corresponding  to  the 
first  assembly  phase  we  present,  in  the  next 
three  figures,  the  temporal  variation  of 
these  variables  as  a  function  of 
displacement,  extending  from  the  origin  out 
to  0.08  cm.  The  ordinate  is  normalized  in 
order  to  illustrate  the  behavior  of  all  the 
variables  on  a  single  figure.  The  scale 
factor  for  each  variable  is  given  by: 
density  x  1  gy^cm^,  temperature  x  1  eVjj^ 
pressure  x  lO'*'  erg/cj.^,  velocity  x  10^ 
cm/sec,  and  x  10'^  erg/sec  cm'^.  For 

example,  from'^FTgure  3,  the  graph_yalue  of 
the  velocity  at  0.08  cm  is  4.5x10 
multiplied  by  the  scale  factor  (lO'^'*')  yields 
4.5xl0'  cm/sec,  the  initial  velocity. 
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Figure  3.  Hydrodynamic  Profiles  as  a 
function  of  Displacement  at  32.98  nsec. 

Based  on  the  sequence  of  events,  the 
following  conclusions  can  be  drawn  from  the 
hydrodynamic  profiles.  Figure  3  presents  a 
snapshot  view  of  the  spatial  variation  of  the 
profiles  at  about  33  nsec  into  the 
simulation.  As  the  inward  propagating  shock 
reaches  the  central  axis  at  about  28  nsec, 
there  is  strong  heating  near  the  axis.  The 
temperature  reaches  about  750  ev,  but 
radiation  cooling  and  hydrodynamic  effects 
quickly  reduce  the  temperature  on  axis.  Ion 
number  density  monotonically  increases  at  the 


origin  until  about  34  nsec  and  the 
temperature  decreases.  The  plasma  remains 
quite  warm,  however,  a  short  distance  from 
the  origin,  where  the  density  begins  to  fall 
off  sharply.  By  33  nsec,  the  temperature  at 
the  origin  has  dropped  to  about  150  ev; 
however,  at  about  0.025  cm  the  temperature 
peaks  in  excess  of  700  ev.  From  the  velocity 
gradients  at  this  time,  it  is  evident  that 
the  plasma  is  compressing  in  the  vicinity  of 
the  hot  shell.  Notice  that  the  velocity  is 
negative  (directed  toward  the  origin) 
everywhere  at  33  nsec.  Contour  plots  of 
density  and  temperature  over  space  and  time 
will  be  discussed  below.  By  referring  to  the 
contour  plot  of  temperature,  it  will  be  seen 
how  the  shell  of  warm  Krypton  evolves.  Also 
note  that  because  the  gradients  in 
temperature  and  density  are  in  opposite 
directions  the  radiation  cooling  rate  is 
subject  to  relatively  large  variations  over 
relatively  small  gradient  scale  lengths. 

Just  after  33  nsec,  plasma  near  the  origin 
begins  to  expand  in  a  complicated  fashion: 
parts  of  the  plasma  move  outwards  while  other 
parts  are  moving  inwards.  This  behavior 
produces  compressions  and  rarefactions  in  the 
core  plasma  leading  to  heating  and  cooling  in 
localized  regions.  At  34.22  nsec,  it  is  seen 
on  Figure  4  that  plasma  a  short  distance 
(0.008  cm)  from  the  origin  is  expanding 
radially,  while  plasma  is  moving  radially 
inwards  elsewhere.  The  contour  plot  of 
temperature  will  clearly  exhibit  the 
localized  regions  of  rapid  heating  and 
cooling  from  33  to  36  nsec. 
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Figure  4.  Hydrodynamic  Profiles  as  a 
function  of  Displacement  at  34.22  nsec. 

Relief  of  the  very  large  pressure  gradient 
which  built  up  at  34.22  nsec  results  in  a 
virtual  stagnation  at  about  0.035  cm,  shown 
on  Figure  5  at  35  nsec.  eiasma  is  iiu«  moving 
radially  outward  within  the  region  and 
colliding  with  imploding  plasma.  As  a 
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result,  a  fairly  broad  shell  of  hot  plasma 
(Ikev)  has  been  produced.  Since  the  ion 
density  is  fairly  small  over  much  of  this 
region,  the  radiative  cooling  rate  is 
correspondingly  reduced,  and  the  high 
temperatures  can  be  maintained. 
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Figure  5.  Hydrodynamic  Profiles  as  a 
function  of  Displacement  at  35  nsec. 

A  novel  way  of  presenting  the  results  of 
the  numerical  simulations  is  to  illustrate 
by  contour  plots  the  behavior  of  the 
hydrodynamic  variables.  The  contour  plots 
complement  our  earlier  figures  as  well  as 
provide  a  better  picture  of  the  course  of 
events.  In  the  following  figures  time  runs 
along  the  vertical  axis  from  27  to  36  nsec 
and  displacement  (or  radius)  runs  along  the 
horizontal  axis  from  the  origin  out  to  0.08 
cm.  The  values  of  the  different  colors  are 
coded  on  the  Right  Hand  Side  (RHS)  of  the 
figures.  There  are  several  ways  to 
understand  and  interpret  the  results.  One  of 
the  easiest  is  to  choose  a  time  and  then 
observe  how  the  parameters  vary  from  larger 
to  smaller  displacements  and  simply  repeat 
the  process  for  increasing  times.  Also,  much 
of  what  has  already  been  said  is  repeated 
here  in  order  to  provide  commentary  with  the 
results.  The  radial  temperature  history  is 
shown  on  Figure  6  over  distances  mainly 
confined  to  the  compressed  core  plasma  and 
the  interaction  region. 

The  brighter  regions  are  primarily  the 
result  of  coropressional  wave  heating  or  weak 
shocks.  The  expanding  darker  regions  later 
in  time  extending  from  the  axis  outward 
reflect  the  effects  of  radiative  cooling 
while  the  brighter  regions  from  34  nsec  on 
indicate  heating  due  to  weak  shocks  moving 
outwards.  The  temperature  peaks  around  1  kev 
in  this  region.  The  ion  density  is  shown  on 
Figure  7  where  it  is  seen  that  as  time 
increases  the  density  along  the  axis 


increases  where  the  plasma  is  compressing. 
These  high  pressures  near  the  origin  slow 
down  the  incoming  plasma  creating  velocity 
gradients  at  about  33  nsec.  Thus,  kinetic 
energy  is  constantly  being  thermalized  in 
this  region,  commencing  just  after  the  on- 
axis  assembly.  Radiation  cooling  in  this 
region  falls  off  sharply  with  radius 
following  the  corresponding  density  falloff. 
Just  after  33  nsec,  the  plasma  near  the 
origin  exhibits  both  inward  and  outward 
flowing  plasma.  This  produces  compressions 
and  rarefactions  leading  to  heating  and 
cooling  in  localized  regions.  At  just  after 
34  nsec,  the  plasma  at  about  0.008  cm  from 
the  origin  is  expanding  radially  while 
elsewhere  the  plasma  is  moving  radially 
inwards.  From  the  contour  plot  of 
temperature  shown  on  Figure  6,  it  can  be  seen 
that  alternating  rapid  cooling  and  heating  is 
produced  from  33  to  about  36  nsec  in 
localized  regions.  At  about  35  nsec  a 
pronounced  stagnation  is  produced,  as  warm 
plasma  recoiling  radially  outwards  collides 
with  imploding  plasma.  This  results  in  the 
formation  of  a  fairly  broad  shell  of  hot 
plasma  (about  1  kev). 

The  fraction  of  neonlike  krypton  ions  in 
the  ground  state  is  shown  on  Figure  8.  Since 
the  fractional  abundance  of  neonlike  ions  is' 
strongly  temperature  dependent  and  only 
weakly  density  dependent,  it  is  not  too 
surprising  to  observe  that  the  number  of 
neonlike  ions  tracks  the  temperature.  The 
greater  abundances  occur  for  temperatures  in 
excess  of  about  400  ev  which  is  about  the 
temperature  commensurate  for  the  appearance 
of  neonlike  krypton. 

Shown  on  Figure  8  are  a  number  of 
localized  regions  where  the  fractional 
abundance  of  neonlike  ions  exceed  50  %  and  a 
few  regions  where  it  is  upwards  of  about  70%, 
i.e.,  in  those  regions  of  the  plasma  anywhere 
from  50  to  70  percent  of  all  the  ions  are  in 
the  neonlike  ground  state.  A  very  propitious 
situation,  indeed,  for  our  proposed  x-ray 
laser  scheme! 

Conditions  conducive  to  a  population 
inversion  leading  to  gain  in  the  lasing 
transitions  were  achieved  for  six  of  theo 
lines  considered:  the  172,  186  and  184  A  3po 
to  3s  transitions,  and  the  172,  170  and  175  A 
3d  to  3p  transitions.  Reference  to  Figure  1 
shows  the  details  of  the  respective  o 

transitigns.  Gain  contours  for  the  172  A  and 
the  184  A  3p-3s  lines  are  shown  on  Figures  9 
and  10,  respectively.  Gains  of  one  or  more 
occur  in  highly  localized  regions  eventually 
achieving  values  in  excess  of  10/gm  for  the 
172  A  line;  and  3/cra  for  the  184  A  line.  The 
atomic  processes  contributing  to  the  gain  are 
predominantly  due  to  recombination  and 
electron  impact  excitation.  The  gain  for  the 
172  A  line  extends  over  the  largest  radial 
region  extending  from  the  origin  out  to  about 
0.048  cm  from  28  to  29  nsec.  A  more 
localized  region  gccurs  from  34  to  36  nsec. 
Gain  for  the  184  A  line,  which  is  due 
predominantly  to  electron  collisional 
excitation,  is  confined  to  a  smaller  region 
peaking  around  35  nsec.  Note,  that  on  the 
scale  on  the  RHS  of  the  gain  profiles  some  of 
the  values  represented  are  negative  numbers 
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and  correspond  to  the  absorption  of 
radiation. 


An  identical  simulation  was  performed  for 
an  initial  velocity  of  4.0x10'  cm/sec.  The 
reduced  implosion  velocity  resulted  in  a 
lower  temperature  and  a  correspondingly 
smaller  fraction  of  neonlike  krytpon  gear  the 
axis.  The  resulting  gain  in  the  172  A  3p-3s 
line  is  shown  in  Figure  11;  gains  in  excess 
of  5/cm  are  achieved  over  temporal  and 
spatial  scales  comparable  to  those  in  Figure 
9.  Gains  in  the  other  transitions  considered 
were  somewhat  smaller  than  those  obtained  at 
an  implosion  velocity  of  4.5xl0'  cm/sec. 

The  major  point  to  be  made  is  that  it  is 
possible  to  achieve  a  population  inversion 
and  gain  in  all  of  the  expected  lasing  lines 
from  our  imploding  plasma  simulations.  The 
final  confirmation  of  whether  this  approach 
is  feasible  is  currently  unfolding  with  the 
analysis  of  the  experimental  observations. 
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Fig.  6  Temperature  contours  as  a  function  of 
displacement  and  time. 


Fig.  9  Gain/cm  contours  of  the  172  A  line  as  a 
function  of  displacement  and  time. 
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Fig.  7  Ion  density  contours  as  a  function  of  Fig.  10  Gain/cm  contours  of  the  184  A  line  as  a 

displacement  and  time.  function  of  displacement  and  time. 


Fig.  8  Neonlike  ion  fraction  contours  as  a  function  Fig.  11  Gain/cm  contours  of  the  172  A  line  as  a 

of  displacement  and  time.  function  of  displacement  and  time.  Vq  =  4x10^ 

cm;spc. 


POPULATION  INVERSION  AND  POSSIBLE  LASING  AT 
150.6,  154.6  AND  187. 3A  IN  PULSED  POWER  DRIVEN  Z-PINCHES* 
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Abstract : 

The  DNA/PITHON  pulsed  power  generator  was  used  to  produce  hot,  dense,  aluminum  plasmas  in 
a  Z-oinch  configuration.  The  pinch  produced  3-cm-  and  5-cm-long  A1  plasmas  with  densities 
~  10^^  cm“^  and  temperatures  ~  500  eV,  with  a  25  ns  duration.  After  the  implosion,  the  A1 
plasma  expanded  and  coolea  for  the  next  50  ns,  producing  Li-like  A1  XI  ions  by  recombination 
from  He-like  Al  XII  ions.  A  cime-gated,  grazing  incidence  spectrograph  captured  three  con¬ 
secutive  25  ns  duration  spectra  from  the  plasma.  These  spectra  provide  evidence  for  popula¬ 
tion  inversion  and  possible  lasing  at  150.6  (4d-3p)  and  154. 6A  (4f-3d)  in  Al  XI,  and  also  at 
187. 3A  (4-3)  in  Ne  X.  A  rough  estimate  of  the  gain-length  product  for  these  lines  is  3-4. 
From  measured  K-line  yields  in  neon,  using  branching  ratios  and  detector  response,  it  was 
estimated  that  the  total  energy  output  of  these  laser  lines  z  60  mJ/pulse.  Further  confir¬ 
mation  of  lasing  requires  length  scaling  and  simultaneous  on-axis/off-axis  measurements. 

_ Introduct  ion 

Research  is  underway  at  NRI.,  Sandia  Labs  and  Physics  International  to  demonstrate  pulsed 
power  driven  X-ray  lasers.  Such  lasers  are  inherently  more  efficient  than  laser-driven 
X-ray  lasers  because  focused  electrical  energy  is  the  most  efficient  means  for  pumping  an 
active.  X-ray  laser  medium.  Several  laboratories  have  demonstrated  X-ray  lasers  driven  by 
longer  wavelength  lasers. Pulsed  power  driven  Z-pinches  can  be  used  directly  as  the 
laser  guin  media,  or  alternative  y,  the  copious  X-ray  emissions  from  these  pinches  can  be 
used  to  photo-pump  adjacent  media.  The  research  effort  at  PI  has  studied  neon-like  krypton 
lasers  in  krypton-on-krypton  gas  puff  Z-pinches,  resonant  photo-excitation  of  neon  ions  by 
sodium  ions  from  a  2-pinch,  and  recombination  pumped  lasers  in  expanding  Z-pinches  of  neon 
and  aluminum.  This  paper  reports  time-resolved  measurements  of  XUV  emissions  from  recombin¬ 
ing  Ne  and  Al  plasmas.  Evidence  is  presented  for  anomalous  brightness  of  the  4d-3p  and 
4t-3d  lines  of  Al  XI  at  150.6  and  154. 6A,  and  of  the  Ne  X  4-3  line  at  187. 3A.  The  spatial 

and  temporal  variations  of  these  line  intensities,  when  compared  with  several  n  =  3-2  and 

n  =  4-2  lines  of  Al  XI  and  Ne  X,  suggest  inversions  and  gains.  Gain-length  products  of  3-4 
are  estimated.  The  energy/pulse  in  these  laser  lines  is  estimated  to  be  =  60  mJ . 

2.  Experimental  Results 

Figure  1  is  a  schematic  drawing  of  the  experimental  configuration  that  was  used  to  pro¬ 
duce  the  Ne  and  Al  plasmas.  Neon  gas  puff  Z-pinches  are  driven  by  the  DNA/PITHON  gener¬ 
ator.”  Multi-megampere  currents  cause  the  puff  to  implode  on  to  a  1 . 6-mm-diameter  capillary 
] oad  on  axis.  The  capil'ary  is  of  low  mass  parylene  with  an  aluminum  coating  on  the  out¬ 
side.  The  neon  implosion  heats  the  Al  to  form  a  linear  plasma,  which  is  estimated  to  have  a 

density  (during  the  25  ns  implosion)  of  t  10^^  cm”^  and  a  temperature  of  t  500  eV.  X-ray 

spectra  reveal  that  the  Ne  and  Al  plasmas  are  in  K-shell  ionization  states  during  the  25  ns 
implosion.  After  the  implosion,  the  plasma  at  the  capillary  surface  expands  and  cools, 
producing  Li-like  Al  from  He-like  ions  and  H-like  neon  from  fully  stripped  ions. 

The  recombination  that  produces  Al  XI  and  Ne  X  ions  proceeds  in  two  ways:  radiative 
recombination  favors  the  ground  and  lower  levels  of  the  recombined  ions:  three-body  recom¬ 
bination  favors  the  higher  lying  (Rydberg)  levels.  For  densities  ~  10^^  cm“'^  and  temper¬ 
ature  ~  30  eV,  it  is  estimated  that  strong  population  inversions  can  be  produced  in  the 
n  =  4  levels  of  AL  XI  and  Ne  X. 

Figure  2  shows  the  arrangement  of  the  diagnostics.  X-ray  spectra  were  obtained  trans¬ 
verse  to  the  Z-pinch  axis.  A  time-resolved.  X-ray  pinhole  camera  also  viewed  the  pinch  in  a 
transverse  direction.  The  grazing  incidence  spectrograph  (MCPIGS)  viewed  the  pinch  along 
its  axis.  A  set  of  three  cross-slits  imaged  the  pinch  on  to  the  throe  framing  strips  cf  the 
MCPIGS.  In  this  manner,  the  time-gated  spectra  were  also  radially  resolved.  The  radial 


•Research  supported  by  SDIO/IST  and  directed  by  NRI 


51 


resolution  was  -  1  mm.  The  field  of  view  covered  by  each  strip  was  ±  4  mm  about  the  axis  of 
the  pinch. 

Figure  3  shows  5  ns  X-ray  pinhole  images  of  the  neon-on-aluminum  pinches.  To  the  right 
of  the  images  is  a  trace  of  the  time-varying  voltage  from  a  filtered  X-ray  diode.  This 
X-ray  diode  detects  X-rays  with  energies  >  1  keV,  i.e.,  it  is  sensitive  only  to  the  K-shell 
emissions  of  Ne  and  A1 .  As  such,  this  diode  measures  the  hot  portion  of  the  Z-pinch.  The 
temporal  locations  of  the  twelve  5-ns  frames  relative  to  the  X-ray  diode  trace  are  shown 
below  this  trace.  The  pinhole  images  are  identified  by  frame  number  as  shown.  It  is  ob¬ 
served  that  the  pinch  grows  from  the  cathode  end  and  is  fully  developed  along  the  3-cm 
length  of  the  capillary  in  frames  5,  6,  and  7,  which  are  coincident  with  the  peak  X-ray 
emission.  Also  shown  on  the  X-ray  diode  trace  are  three  25-ns  time-frames,  labeled  A,  B, 
and  C.  These  are  the  frames  which  were  used  to  capture  the  XUV  spectra  with  the  MCPIGS,  as 
described  later.  Note  that  frame  A  includes  frames  3  through  9  of  the  pinhole  images. 

Frames  B  and  C  correspond  to  the  post-pinch,  expansion  phase,  during  which  the  K-shell  X-ray 
emissions  are  observed  to  be  greatly  decreased.  During  frames  B  and  C,  the  aluminum  and 
neon  plasmas  expand  and  cool,  allowing  the  A1  XII  and  Ne  XI  ions  to  recombine  to  Al  XI  and 
Ne  X.  Tho  pinhole  camera  did  not  record  plasma  images  during  this  recombination  phase.  The 
homogeneity  of  the  plasma  must  be  measured  by  other  means.  Under  the  right  conditions  of 
density  and  temperature  in  the  recombining  plasmas,  recombination  lasers  are  produced. 

We  turn  now  to  the  MCPIGS  spectra.  Figure  4  shows  the  three  spectra  from  a  5-cra-long, 
neon-on-aluminum  pinch  for  time  frames  A,  B,  and  C,  as  defined  in  Figure  3.  In  frame  A  very 
few  XUV  lines  appear,  as  the  pinch  is  hot,  most  of  the  ions  are  in  the  K-shells  of  Al  and 
Ne,  and  the  radiation  is  predominantly  above  1  keV.  A  few  Li-like  Ne  lines  are  observed, 
extending  to  large  radii  (~  4  mm)  from  the  pinch  axis.  In  frame  B,  as  the  K-shell  X-ray 
emissions  decrease  rapidly  (see  Figure  3),  the  XUV  emissions  from  the  L-shells  of  the  Al  and 
Ne  increase  dramatically.  It  is  observed  that  the  Ne-liko  emissions  extend  to  large  radii 
from  the  pinch,  while  the  Al  lines  are  confined  to  the  first  millimeter  or  so  in  radius.  Of 
particular  significance  is  the  fact  that  the  Al  XI,  4f-3d  and  4d-3p  lines  (at  150.6  and 
154.6a)  appear  visibly  brighter  than  the  Al  XI,  4d-2p  line.  This  is  very  significant, 
because  the  grating,  detector  and  film  response  favor  the  4d-2p  wavelength.  The  anomalous 
brightness  of  the  4-3  lines  suggests  a  population  inversion  in  Al  XI.  In  the  third  frame, 

C,  it  appears  that  the  4d-2p  line  becomes  brighter  than  the  4-3  lines.  This  is  as  expected 
in  a  non-inverted  medium,  and  rules  out  systematic  effects  as  the  cause  of  the  strong 
anomaly  observed  in  frame  B. 

Digitized  spectra  from  a  3-cm-long,  Ne-on-Al  Z-pinch  are  shown  in  Figure  5.  These 
spectra  correspond  to  time  frames  A  and  B  (as  shown),  with  the  continuum  background  sub¬ 
tracted,  and  with  the  instrument  dispersion  as  well  as  overall  response  unfolded.  It  is 
pointed  out  that  although  they  arc  not  apparent  in  Figure  4,  tho  4-2  and  4-3  lines  of  Al  XI 
do  appear  on  the  raw  film  in  Frame  A,  and  thus  in  Figure  5.  The  4-3  lines  are  shown  at 
150.6  and  154. 6A  on  the  figure.  A  double  arrow  points  to  the  4d-2p  line  at  39.2a.  It  is 
obvious  from  Figure  5  that  the  4-3  lines  are  brighter  than  the  4-2  line  in  frame  B,  but  much 
weaker  than  the  4-2  line  in  frame  A.  This  reversal  in  line  intensities  strongly  suggests  an 
n  =  4-3  inversion,  and  possible  lasing  at  150.6  and  154. 6A.  The  results  shown  in  Figure  5 
were  obtained  with  a  3-cm-long  pinch.  To  examine  whether  a  longer  pinch  would  produce  more 
dramatic  increases  in  the  Al  XI  4-3  lines,  a  5-cm-long  pinch  was  tried. 

Figure  6  shows  a  single  time-frame  (corresponding  roughly  to  frame  B  of  Figure  5),  of  the 
XUV  spectrum  from  this  longer  pinch.  Again,  the  4f-3d  and  4d-3p  lines  are  the  brightest 
lines  in  the  entire  spectrum.  Both  lines  are  more  intense  than  the  4d-2p  line,  signif¬ 
icantly  more  so  than  for  the  3-cm-long  pinch.  The  high  intensity  of  the  4f-3d  and  4d-3p 
lines  strongly  suggests  lasing.  Figure  6  also  shows  evidence  for  possible  lasing  in  Ne  X  on 
the  4-3  line  at  187,2a.  The  Ne  X,  4-2,  Balmer-p  line  is  at  48.55A,  which  is  not  resolved 
from  tho  Al  XI,  3p-2s  resonance  line  at  48. 3A.  Although  it  is  not  obvious  on  the  digitized 
spectrum  (because  these  spectra  were  averaged  over  radii  up  to  2  mm),  the  raw  film  from  the 
MCPIGS  does  resolve  these  lines,  and  the  Ne  X,  4-2  line  is  about  half  as  bright  as  the 
Al  XI,  3p-2s  line.  With  this  estimate,  the  Ne  X,  4-3  line  on  Figure  6  is  then  a  factor  of 
two  to  three  times  brighter  than  the  4-2  line.  Under  non-lasing  conditions,  tho  4-3  line 
should  be  three  times  weaker  than  the  4-2  line.  Again,  this  anomalous  brightness  of  the  4-3 
line  is  presented  as  evidence  for  lasing  at  187. 2A  in  Ne  X.  The  presence  of  many  Ne  VIII 
lines  in  this  frame  suggests  that  the  Ne  X  lasing  might  have  occurred  during  an  early 
portion  of  the  25-ns  frame  duration.  Finer  time-resolution  might  reveal  more  striking 
evidence  for  lasing.  In  any  case,  the  factor  of  nine  higher  intensity  of  the  No  X,  4-3  line 
implies  a  laser  with  a  gain-length  product  of  t  3. 

As  a  further  check,  a  Z-pinch  of  pure  neon  was  produced  by  imploding  a  noon-on-ncon 
double  puff,  with  no  capillary  on  axis.  In  this  configuration,  an  annular,  supersonic  Ne 
puff  is  imploded  on  to  an  inner  coaxial  Ne  puff.  A  single  25-ns  frame  of  the  time-resolved 
spectrum  from  this  pinch  is  shown  in  Figure  7.  Here  it  is  clearly  seen  that  the  Ne  X,  4-2, 
Balmer-p  line  is  brighter  than  the  4-3  line.  This  is  as  expected  in  a  non-inverted  medium 
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and  confirms  the  lasing  observed  in  Figure  6.  That  is,  errors  in  unfolding  the  instrument 
response,  etc.,  are  not  responsible  for  the  anomalous  spectra  shown  in  Figure  6.  In  com¬ 
paring  the  relative  intensities  of  the  Nc  X,  4-2  and  4-3  lines,  it  is  important  to  assess 
the  effects  of  optical  trapping  on  those  lines.  A  worst-case  estimate  of  the  4-2  opacity 

was  made  by  assuming  that  recombination  fed  the  n  =  2  level  as  rapidly  as  the  n  =  3  and  4 

levels.  This  gave  the  n  =  2  level  population  during  the  25-ns  interval.  For  this  popula¬ 
tion,  the  line-averaged  optical  depth  of  the  4-2  line  was  estimated  to  be  0.01  cm~^.  For  a 

plasma  length  of  3  cm,  this  gives  an  opacity  of  0.03,  which  allows  the  neglect  of  optical 

trapping  effects. 

A  crucial  test  of  whether  the  A1  XI  and  Ne  X  lines  are  indeed  lasing  would  be  to  simul¬ 
taneously  measure  the  XUV  spectra  on-axis  and  off-axis  with  two  MCPIG  spectrographs.  These 
measurements  arc  planned  tor  the  near  future.  Another  acid  test  of  lasing  in  such  ASE  media 
is  to  perform  a  methodical  length  scaling.  If  the  lasing  linos  exhibit  exponential  growth, 
while  non-lasing,  optically  thin  lines  show  linear  growth,  lasing  will  be  confirmed.  For 
example,  the  4p-3s  line  of  A1  XI  at  141. cA  is  one  such  non-lasing  line.  Comparison  of  4d-3p 
and  4f-3d  lines  with  this  line  would  allow  confirmation  of  lasing.  Since  these  lines  are 
separated  by  only  a  15A  wavelength  interval,  the  de-convolution  of  the  spectograph  and 
micro-channel  detector  response  is  more  reliable.  At  this  stage,  we  offer  the  spectra  of 
Figures  5,  6,  and  7  as  tentative  evidence  for  lasing  at  150.6,  154.6,  and  187. 3A. 

Another  argument  for  lasing  at  150.6  and  154.6a  in  A1  XI  proceeds  as  follows:  the 
absolute  yields  on  the  Ne  X,  2-1  and  3-1  lines  (in  the  X-ray  spectrum)  were  measured  using 
thermoluminescent  detectors  (TLD)  and  calibrated  X-ray  crystal  spectrometers,  as  2000  and 
400  joules,  respectively.  These  values  are  shown  in  Table  1.  The  table  also  shows  yields 
for  several  other  lines,  which  are  derived  from  these  measured  line  yields.  For  example,  by 
a  simple  branching  ratio  from  the  3-1  line,  the  Ne  X,  3-2  lino  at  65. 5A  (in  the  XUV  MCPIGS 

Table  1.  Measured  and  estimated  line  yields;  NeX  and  AIXi. 


Line 

Wavelength 

(Angstroms) 

Yield 

(Joules) 

Method  by  Which  Yield  was  Determined 

NeX,  2  to  1 

12.13 

2,000 

Thermoluminescent  detectors  (TLDs)  and  crystal 

spectroscopy 

NeX,  3  to  1 

10.24 

400 

X-ray  crystal  spectroscopy  and  oscillator  strengths 

NeX,  3  to  2 

65.5 

16 

Branching  ratio  from  n  =  3 

AIXI  -  4f  to  3d 

154.5 

50  (into  4  n  ster.) 

Estimated  MCPIG  response  and  intensity  relative 

OR 

to  the  H-like  neon  3  to  2  line.  (Lasing  is  assumed 

AIXI  -  4d  to  3p 

150.5 

0,05  (lasing  into  ster.) 

into  0.001  steradian) 

AIXI  -  3d  to  2p 

52.4 

12 

Intensity  with 

AIXI  -  3p  to  2s 

48.3 

11 

respect  to 

AIXI  -  4d  to  2p 

39.2 

9 

NeX,  3  to  2  line 

spectrum.  Figures  5,  6,  and  7)  emits  16  joules.  With  this  65. 5A  line  as  a  reference,  the 
A1  XI  lines  listed  in  the  table  were  all  assigned  estimated  yields,  by  comparison  with  the 
reference  line  in  the  XUV  spectra.  This  comparison  shows  that  the  4d-3p  and  4f-3d  lines 
should  have  emitted  50  joules  into  4x  steradians,  to  account  for  their  relative  strengths  on 
the  film.  But  a  non-inverted  medium  would  allow  these  lines  to  emit  no  more  than  ~  1  joule 
each,  if  the  4d-2p  line  emits  9  joules.  There  is  clearly  an  anomaly.  This  anomaly  may  be 
removed  if  the  4-3  lines  wore  emitted  into  a  smaller  solid  angle  in  the  direction  of  the 
MCPIG3  spectrograph.  The  spatial  localization  of  the  4-3  lines  on  the  film  gives  an  est¬ 
imate  of  the  solid  angle  for  axial  emission  of  ~  10“^  steradian.  With  this  small  solid 
angle,  t  50  mj  of  emission  on  the  4f-3d  line  would  account  for  the  observed  spectra.  We 
conclude  that  the  anomalous  brightness  of  the  4-3  lines  in  Figures  5  and  6  is  consistent 
with  50  mJ  lasers  emitting  into  a  narrow  solid  angle  in  the  direction  of  the  axial,  MCPIGS 
spectograph.  At  a  distance  of  2.0  meters  from  the  pinch  (the  location  of  the  MCPIGS  imaging 
cross-slits),  the  "footprint"  of  these  lasers  is  estimated  to  be  ~  7  cm  in  diameter.  Since 
the  cross-slits  were  only  9  mm  apart,  alignment  of  the  instrument  with  the  laser  beams  is 
clearly  not  a  problem.  Optical  trapping  of  the  4d-2p  1 ’ nc  could  also  be  responsible  for  the 
anomaly  described  above.  The  effects  of  opacity  require  a  detailed  atomic  model. 
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A  rough  estimate  of  the  gain  in  these  lasers  is  made  as  follows:  from  a  simple  branching 
ratio  one  expects  the  4d-2p  line  to  emit  about  three  times  as  many  photons  as  the  4d-3p 
line.  Taking  into  account  instrument  response,  we  record  the  4d-3p  line  as  emitting  nine 
times  as  many  photons  as  the  4d-2p  line  on  axis.  The  4d-3p  line,  therefore,  is  anomalously 
bright  by  a  factor  of  27.  A  factor  of  27  anomaly  corresponds  to  a  gain-length  product  of 
4.8.  For  a  3-cm-long  plasma  the  gain  is  then  1.6  cm"^.  It  should  be  noted  that  optical 
trapping  of  the  4d-2p  line  (which  could  be  important  in  the  A1  XI  plasma)  would  reduce  this 
gain.  SUch  gain  coefficients  are  consistent  with  recombination  lasing,  based  on  a  density 
of  ~  10^^  cm  ^  and  a  temperature  of  ~  30  eV.  To  reiterate,  this  gain  estimate  has  neglected 
the  effects  of  opacity  on  the  3d-2p  line,  collisional  excitation  of  the  3d  level  from  the  2p 
level,  non-uniform  plasma  conditions,  etc.  A  more  refined  estimate  requires  detailed  atomic 
modeling.  Such  models  are  under  development. 

3.  Discussion 

Time-gated,  XUV  spectra  from  rapidly  recombining  plasmas  of  A1  and  Ne  have  shown  that  the 
4f-3d  and  4d-3p  lines  of  A1  XI  are  much  brighter  than  the  4d-2p  line.  Also,  the  4-3  line  of 
Ne  X  was  shown  to  be  brighter  than  the  Ne  X,  4-2  line.  Those  anomalous  line  ratios,  com¬ 
bined  with  the  spatial  and  temporal  localization  of  the  4-3  lines,  suggest  inversion  and 
lasing  on  these  lines  at  wavelengths  of  150.6,  154.6,  and  187. 3A.  Rough  estimates  of  the 
gain  (~  1.6  cm  and  energy/pulse  {Z  60  mJ)  of  these  lasers  is  consistent  with  a  three-body 
recombination  pumping  mechanism.  Further  confirmation  of  lasing  requires  simultaneous  on- 
axis/off-axis  measurements,  which  are  in  preparation.  Length  scaling  is  also  planned.  The 
data  presented  in  this  paper  are  offered  as  early  evidence  for  the  first  pulsed  power  driven 
X-ray  lasers.  Even  in  their  unoptimized  state,  these  lasers  have  already  produced  power 
levels  (~  2  MW)  comparable  to  those  demonstrated  at  Livermore^'^  using  glass  laser  drivers. 
The  energy/pulse  estimated  for  these  lasers  is  a  factor  of  100  higher  than  that  produced  in 
glass-laser  driven  X-ray  lasers.  The  efficiency  of  this  pulsed  power  driven  approach  is 
higher.  Saturation  of  these  recombination  lasers  could  produce  ~  1  J  laser  bursts. 
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PARYLENE 

CAPILLARY 


NEON  IMPLOSION  ON  TO  ALUMINUM- 
COATED  PARYLENE  CAPILLARY 


Figure  1.  Schematic  drawings  of  experimental  configuration  which  produced 
aluminum  and  neon  plasmas. 


FILTERED 


(MCPIGS) 


Figure  2.  Schematic  drawing  of  experimental  apparatus  used 
to  diagnose  Z-pinch  plasmas  produced  on  PITHON. 
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Figure  5.  Digitized  XUV  spectra  from  a  3  cm  long  neon-on-aluminum  Z-pinch. 
The  two  spectrums  each  represent  25  ns  of  emission. 
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Figure  6.  Digitized  XUV  spectrum  from  a  5  cm  long,  neon-on-aluminum  Z-pinch,  The 
emissions  were  recorded  for  25  ns  following  peak  X-ray  output. 
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Figure  7.  Digitized  XUV  spectrum  from  a  neon- on-neon  (double  puff)  Z-pinch.  The 
emissions  were  recorded  for  25  ns. 
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Abstract 


This  invited  paper  describes  recent  experimental  results  demonstrating  amplification  of 
spontaneous  emission  in  the  XUV  spectral  region.  The  gain  medium  is  a  rapidly  expanding 
recombining  cylindrical  plasma  produced  by  laser  irradiation  of  thin  fibre  targets. 
Moderately  large  laser  gain  between  1-5  cm~'  has  been  observed  in  transitions  of  hydrogenic 
(C  VI  and  F  IX)  and  Li-like  (AL  XI  and  Cl  XV)  ions.  This  work  has  been  carried  out  at  the 
Central  Laser  Facility  of  the  Rutherford  Appleton  Laboratory  by  various  groups  using  the 
high  power  VULCAN  laser. 


Introduction 


In  recent  years,  considerable  progress  has  been  made  in  the  field  of  XUV  laser  research. 
Amplification  has  now  clearly  been  demonstrated  in  several  discrete  transitions  in  the 
VUV/XUV  spectral  wavelength  region  between  50  to  250  A.  In  all  the  successful  experiments, 
laser  produced  plasmas  were  used  as  the  gain  media  where  pumping  was  achieved  either  via 
collisions  {Ne-like  and  Ni-like  schemes' »2)  or  via  recombination  (H-like3<^  or  Li-li)"' 
systemsS).  This  paper  reviews  the  current  status  of  the  x-ray  laser  prcrr^jii  carried  out  at 
the  Central  Laser  Facility  of  the  Rutherford  Appleton  Laboratory  by  various  university 
groups  and  in-house  RAL  staff.  The  work  concentrates  on  the  recombination  pumped  scheme 
and  its  isoelectronic  scaling  to  shorter  wavelengths.  Both,  hydrogenic  (C  VI  and  F  IX)  and 
Li-like  systems  (A1  XI  and  Cl  XV)  have  been  investigated  in  plasmas  produced  by  laser 
irradiation  of  thin  fiber  targets.  The  Li-like  results  will  be  discussed  by  P  Jaegle  else¬ 
where  in  these  proceedings.  Preliminary  spectrographic  x-ray  observations  taken  from 
aluminium  targets  irradiated  by  a  picosecond  high  power  KrF  laser  pulse  are  described.  In 
addition,  initial  experimental  results  studying  the  hydrodynamics  of  ribbon  targets  are 
given.  Finally,  a  joint  recombination-photopumping  x-ray  laser  scheme  for  amplification  in 
the  'water  window'  is  discussed. 


Background 

Highly  ionized  plasmas  produced  by  optical  lasers  have  long  been  identified  as  potential 
media  for  laser  amplification  in  the  XUV  spectral  region.  Population  inversion  can  be 
obtained  either  by  collisional  excitation,  photo-pumping,  or  by  recombination.  In  the 
latter  case,  the  inversion  arises  as  the  highly  ionized  plasma  cools  and  recombines 
preferentially  into  the  upper  states  which  cascade  to  the  ground  states.  If  the  upper  laser 
level  is  sufficiently  populated  by  collisional  recombination  and  the  lower  laser  level  is 
rapidly  depleted  by  radiative  decay,  large  gains  can  be  developed  on  the  3-2,  4-3  and  5-4 
transitions  in  H-,  Li-,  and  Na-like  ions,  respectively. 

Rapid  cooling  of  the  plasma  is  essential  for  the  recombination  scheme.  This  can  be 
achieved  either  by  adiabatic  expansion  of  a  cylindrical  plasma  or  by  doping  the  plasma  with 
medium  to  high  Z  ions  to  increase  the  radiative  losses.  Adiabatic  cooling  has  been  exten¬ 
sively  investigated  using  the  carbon  fiber  scheme.  A  thin  carbon  fiber  7  pm  in  diameter 
uncoated  or  coated  with  various  elements  is  heated  with  a  short  70  ps  laser  pulse.  Due  to 
the  small  diameter  of  the  fiber  target,  rapid  expansion  occurs  resulting  in  an  efficient 
cooling.  Secondly,  the  small  mass  reduced  optical  trapping  of  the  lower  laser  level. 
Computer  simulations  have  well  established  the  optimum  energy  content  of  the  plasma  as  a 
function  of  its  mass  and  the  duration  of  the  heating  pulsed.  Two  regimes  exist;  a  thin 
layer  of  the  fiber  target  is  ablated  or  the  fiber  is  burnt  completely.  The  first  regime  is 
energetically  advantageous.  All  the  experimental  results  described  in  this  paper  were 
obtained  when  a  thin  layer  of  the  target  was  ablated. 

The  recombination  scheme  can  easily  be  scaled  to  shorter  wavelengths  by  moving  along  tlie 
isoelectronic  sequence  to  higher  Z  ions.  The  wavelength  A  is  proportional  to  Z”2_  The 
pump  energy  can  be  estimated  by  comparing  the  collisional  radiative  model  and  the  laser 
ablation  model.  The  electron  temperature  scales  a.s  T^  o<  z2  (from  the  CR  model)  and 
Te  CK  z2/9  i4/9  (from  ablation  model).  It  follows  that  the  required  [jump  laser  intensity 
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scales  as  ng  cx  Z^,  consequently,  to  produce  shorter  wavelength  x-ray  lasers  the  heating 
laser  pulse  must  be  of  shorter  duration  and  wavelength. 

Facility  and  Diagnostics 

The  VULCAN  high  power  Nd:glass  laser  is  being  used  for  XUV/x-ray  laser  experiments.  The 
laser  provides  150  J  in  70  ps  pulses  on  target  in  six  second  harmonic  beams.  Each  beam  is 
focused  onto  a  cylindrical  target  by  using  a  lens  and  off-axis  mirror  arrangement^.  The 
line  foci  are  7  mm  long  and  25  ym  wide.  The  six  laser  beams  are  arranged  as  three  pairs  of 
opposing  beams.  All  the  pairs  are  either  superimposed  or  each  pair  can  be  spatially  trans¬ 
lated  along  the  length  of  the  target  to  obtain  a  longer  line  focus  length.  The  targets  are 
aligned  to  an  accuracy  of  a  few  microns  in  space  and  less  than  1  mrad  in  direction  by  using 
a  split  field  imaging  system. 

The  principle  diagnostics  are  a  pair  of  time  resolving  flat  field  XUV  spectrographs^ . 

One  of  the  instruments  is  aligned  along  the  plasma  axis,  while  the  other  views  the  full 
length  of  the  plasma  at  an  angle  of  35  degrees  to  the  axis.  The  temporal  and  spectral 
resolution  of  both  instruments  is  100  ps  and  0.5  A,  respectively.  These  instruments, 
including  filters,  have  been  absolutely  calibrated  using  synchrotron  radiation^. 

Additional  diagnostics  included  x-ray  pinhole  cameras  to  measure  the  plasma  length  and 
uniformity,  and  a  plasma  calorimeter  array  to  record  the  laser  energy  absorbed  in  the 
plasma . 


Experimental  Results 


a )  Hydroqenic  Carbon  (C  VI) 

Carbon  fiber  targets  7  ym  in  diameter  were  irradiated  with  one  pair  of  opposed  laser  beams 
for  lengths  up  to  5.5  mm  and  with  two  axially  displaced  pairs  for  lengths  between  5.5  mm 
and  9.5  mm.  The  beams  were  masked  to  vary  the  irradiated  target  length  and  care  was  taken 
to  ensure  that  irradiation  was  as  uniform  as  possible.  The  carbon  fibers  were  supported  at 
one  end  only  to  provide  unrestricted  access  to  the  XUV  spectrograph  viewing  the  system 
axially.  The  incident  laser  energy  was  25  J  cm- 1  in  70  ps.  With  a  measured  absorption 
fraction  of  about  10%  of  the  incident  laser  energy,  the  absorbed  energy  was  2. 6  ±  0.6  J  cm" 1 . 
The  heated  plasma  lengths  were  varied  from  1.5  to  9.5  mm.  The  time  resolved  spectrograph 
was  absolutely  calibrated  with  synchrotron  radiation  and  after  allowing  for  the  measured 
contributions  to  the  Hg  and  Hy  lines  of  high-order  grating  reflections  of  resonance  lines, 
the  absolute  intensities  of  the  Balmer  lines  were  determined  as  a  function  of  time  for  each 
plasma  length.  Figure  1  shows  the  line  intensities  of  Hq  and  Hg  versus  length  975  ps  after 
the  peak  of  the  laser  pulse.  A  clear  exponential  growth  of  line  intensity  with  length  is 
observed  on  the  Ha  transition  at  182  A.  The  data  was  fitted  by  the  function  exp(gl-l), 
resulting  in  a  best  fit  of  g  =  4.1  ±  0.6  cm" > .  This  corresponds  to  an  amplification  of 
about  50  in  the  longest  plasma  case.  Computer  modelling  of  the  data  predicts  a  gain 
coefficient  which  is  larger  at  earlier  times  and  does  not  persist  for  as  long  as  observed 
experimentally. 

b )  Hydroqenic  Fluorine  (F  IX) 

The  i soe lect ronic  scaling  of  the  hydroqenic  recombination  scheme  to  shorter  wavelengths  was 
investigated  by  using  fluorine  as  the  lasant  ion  when  carbon  fibers  7  ym  in  diameter  were 
coated  with  0.5  ym  of  LiF.  All  six  green  laser  beams  were  superimposed  to  give  the  required 
energy  per  unit  length  and  irradiation  uniformity.  The  incident  laser  energy  was  varied 
over  a  large  range  from  50  to  150  J  cm" 1 ,  allowing  the  dependence  of  the  gain  as  a  function 
of  the  input  laser  energy  to  be  studied.  The  laser  pulse  duration  was  70  ps .  Axial  and 
transverse  spectrographs  were  used  to  time  resolve  the  emission  in  the  range  of  40-100  A. 
a  comprehensive  set  of  data  was  taken  for  targets  lengths  from  1  to  5 . 5  mm.  Analysis 
of  the  pinhole  camera  brightnesses,  relative  intensities  of  H-like  and  He-like  transitions 
and  laser  beam  energies  resulted  in  the  classification  of  three  distinct  regimes.  These 
three  groups  correspond  to  absorbed  energi6‘s  of  6  ±  2  J  cm" 1 ,  10  ±  2  J  cm"',  and  14  ±  2  Jem"'. 

Although  the  absorbed  laser  energies  were  not  measured  directly,  these  values  were  derived 
from  the  known  absorption  fraction,  measured  in  similar  fiber  target  experiments  to  be  10% 
of  the  incident  laser  energy.  Figure  2  shows  the  ratio  of  axial  to  transverse  Ha  intensity 
at  as  a  function  of  target  length  250  ps  after  the  laser  pulse. 

An  clearly  can  be  seen  in  figure  2,  three  distinct  regimes  are  observed.  In  the  very 
low  E/L  case  no  amplification  is  observed.  In  fact,  the  measurements  can  be  fitted  by  an 
attenuation  coefficient  of  -0.5  ±  0.5  cm" I .  A  large  gain  coefficient  of  5.5  ±  1  cm"'  is 
observed  for  the  medium  energy  range.  Whereas,  the  gain  coefficient  is  reduced  to 
3  ±1  cm"'  for  very  large  absorbed  energies,  indicating  that  the  plasma  is  overheated. 

These  three  distinct  regimes  are  also  observ'ed  when  the  intensities  of  Ha  obtained  from 
the  axial  spectrograph  are  plotted  as  a  function  of  target  length.  A  similar  behaviour  of  tlie 
peak  gain  as  a  function  of  the  coupled  laser  energy  is  observed  in  simulations.  A 
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maximum  gain  (cm"’) 


Figure  3.  Calculated 
maximum  gain  for  the  F  IX  Ha 
transition  as  a  function  of 
absorbed  laser  energy 
assuming  1  mm  and  10  mm 
length  fibers. 


The  measured  peak  gain  as  a  function  of  time  was  also  compared  with  the  simulations  for  an 
absorbed  energy  of  1 0  J  cm" ’ .  See  figure  4.  The  code  predicts  a  similar  peak  gain  and  is 
in  much  better  agreement  with  the  experiment  than  in  the  previous  carbon  work.  This  is  due 
to  the  inclusion  of  Stark  broadening  and  p-level  splitting  in  the  code.  The  measured  peak 
gain  occurs,  however,  slightly  later  in  time  and  has  a  broader  temporal  profile  than  the 
code  results.  It  is  unclear  whether  the  disagreement  on  the  time  behaviour  is  due  to 
incomplete  modelling  of  the  expansion,  or  to  small  scale  laser  plasma  instabilities 
affecting  the  uniformity  of  expansion  at  early  times. 


gain  (cm"’) 


Figure  4.  Temporal  behaviour 
of  measured  and  calculated 
gain  for  the  F  IX  Ha  line, 
calculated  using  Ha 
intensity  from  2.1  mm  and 
5.5  mm  lengths. 


c )  Hyrdrogenic  Aluminium  (A1  XIII) 

Initial  experiments  have  been  carried  out  to  study  the  ionization  balance  of  an  aluminium 
plasma  produced  with  a  picosecond  high  power  KrF  laser.  The  use  of  picosecond  short 
wavelength  laser  pulses  is  essential  for  recombination  pumped  aluminium  x-ray  lasers  with 
the  lasing  transition  in  the  water  window.  This  is  due  to  the  strong  scaling  of  the  initial 
electron  density  with  atomic  number  ( ne 
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Figure  5.  Time  resolved 
x-ray  spectrum  recorded 
from  an  A1  plasma, 
indicating  a  plasma  density 
of  2  X  1022  and  temperature 
of  400  eV. 


TIME 


Aluminium  targets  have  been  irradiated  with  3  ps,  =  1  J  KrF  laser  pulses.  The  laser  beam 
was  focused  onto  the  target  with  an  f/2.5  aspheric  lens.  Irradiances  of  up  to  1017  w  cm“2 
were  achieved  on  the  target  surface.  The  primary  dia^^nostics  were  time  integrating  and 
time  resolving  x-ray  spectrographs.  These  instruments  allowed  the  electron  temperature 
and  density  to  be  determined  via  line  ratios  and  Stark  broadening  measurements.  The 
diameter  of  the  focal  spot  was  measured  with  an  x-ray  pinhole  camera.  Figure  5  shows  a 
streak  record  taken  of  an  aluminium  plasma  produced  with  an  irradiance  of  3  x  1016  w  cm“2 
on  the  solid  target.  H-like  and  He-like  transitions  are  clearly  observed.  Preliminary 
analysis  of  the  x-ray  spectrum  with  RATION  indicates  a  density  of  about  2  x  1022  cm“3  with 
a  temperature  of  about  400  eV.  The  short  picosecond  pulse  was,  however,  preceded  by  a 
relatively  large  prepulse  10  ns  in  duration.  Consequently,  a  large  plasma  corona  was 
produced  before  the  main  short  pulse  interacted  with  the  target.  The  x-ray  emission  then 
primarily  occurs  from  densities  near  the  critical  density.  When  the  prepulse  was  kept 
small  the  x-ray  spectrum  was  distinctly  different.  The  A1  Heg  transition  is  now  very  broad 
and  intense,  while  the  A1  He^  and  Lyg  lines  are  almost  nonexistent.  This  spectral  behaviour 
is  consistent  with  x-ray  emission  fromi  very  dense  plasmas.  These  x-ray  spectra  are  the 
first  single  shot  x-ray  measurements  taken  on  targets  which  were  irradiated  with  picosecond 
laser  pulses. 


Hydrodynamics  of  Stripe  and  Ribbon  Targets 

Amplification  with  moderate  gain  has  clearly  been  demonstrated  on  various  discrete 
transitions  in  the  XUV  spectral  wavelength  region  between  81  A  and  182  A.  Population 
inversion  by  recombination  was  obtained  by  rapidly  cooling  a  cylindrical  plasma  produced 
by  laser  irradiation  of  small  mass  thin  fiber  targets.  This  approach  has,  however,  several 
shortcomings.  Not  only  are  fiber  targets  difficult  to  handle,  but  also  the  coupling  of  the 
incident  laser  energy  is  inefficient.  Further,  fiber  targets  are  not  very  well  suited  for 
multipass  cavity  operation.  Consequently,  initial  experiments  have  been  carried  out  to 
investigate  stripe  and  ribbon  targets  for  recombination  pumped  x-ray  lasers.  In  particular, 
the  hydrodynamic  behaviour  of  thin  foil  formvar  targets  overcoatcd  with  a  narrow  stripe  of 
aluminium  (50  pm  wide  and  300  gm  in  thickness)  and  free  standing  A1  ribbon  targets 
(350  urn  in  thickness)  was  examined.  Preliminary  results  show  that  the  formvar  targets  did 
not  behave  as  expected.  Laser  energy  spilling  and  lateral  energy  transport  over  onto  the 
plastic  substrate  seem  to  create  two  large  regions  of  cold  overdense  plasma  on  either  side 
of  the  expanding  stripe.  This  restricts  the  cylindrical  flow  causing  a  slower  rate  of 
expansion  and  cooling  than  predicted  by  modelling.  In  addition  to  this,  fluid  instabilities 
have  been  observed  at  the  hot  aluminium-cold  plast.  plasma  interface.  On  the  other  hand. 
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TIME  =  0-69ns 


Figure  6.  Schlieren 
images  of  free  standing 
aluminium  stripe  targets. 


TIME  =  1-59ns 


the  expansion  of  the  ribbon  targets  followed  theoretical  predictions  more  closely.  Figure  6 
shows  two  optical  Schlieren  images  of  a  laser  irradiated  aluminium  ribbon  target. 

Joint  Recombination-Photopumpinq  Scheme 

A  novel  x-ray  laser  scheme  is  proposed  which  is  based  on  the  ad iaba t i ca 1 ly  cooled 
recombination  laser,  but  augmented  with  a  line  coincidence  photopump.  The  photopumping 
relies  on  the  accidental  coincidence  between  a  transition  in  Bo-like  Hn  which  acts  as  the 
pump,  and  either  a  hydrogenic  fluorine  or  a  Li-like  calcium  transition  to  obtain  gain  at 
81  A  or  39  A,  respectively.  In  the  first  case  Mn  ^s^2s2p^P2  -  Is22s3d^b3  pumps  the 
F  IX  Is  -  3p  transition,  whereas  in  the  latter  case  the  Mn  lino  is  used  to  pump  the 
Ca  Is^2s2s-|/2,3/2  “  Is25p2P]/2  transition. 

The  exper  i.iiental  arrangement  !(’■  the  Li-like  Ca  laser  is  shown  in  figure  7.  Three  laser 
beams  delivering  about  75  J  in  70  ,;s  are  focused  on  a  CaF2  coated  carbon  fiber.  The 
photopumping  flashlamp  separated  t rom  the  fiber  target  by  about  50  urn  consists  of  a  1  urn 
thick  plastic  foil  supporting  a  thin  layer  of  Mn .  Three  laser  beams  are  locused  onto  the 
Mn  target  and  are  delayed  100-200  ps  in  time  relative  to  the  hemas  which  heat  the  fiber 
target.  Numerical  simulations  show  a  gain  of  about  2  cm“ '  is  obtained  when  a  photopum[> 
of  modal  photon  density  of  0.01  is  present.  No  gain  is  seen  in  the  simulations  if  the 
photopump  is  turned  off. 
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Concl  ision.s 

Rccom;)  i  na  t  ion  pampinq  in  the  XUV  s[)Octral  wavolonqth  region  has  br'cn  demons  t  ra  t<.’d  in 
ti-like  and  l,i-liko  ions  using  low  mass  thin  fiber  targets.  1  soc' 1  ect  ron  i  c  scaling  ttjwards 
shorter  wa'.’'' 1  ■ 'n<iths  has  been  carrio'd  out  for  both  'ons.  By  cfianqinq  tne  incid'.'nt  lasr'r 
energy  the  gain  of  hydroge.  ic  fl.iorim.'  has  bet'n  oj/t  ittii  zed .  Theoretical  model!  ini)  of 
hydrogenic  VI  gi'/i.>s  higher  gains  than  measured  oarlv  in  the  expansion  and  lower  gains  in 
the  later  stages.  Better  iigreement  i  '  obtained  for  !l-likc  fluorinie.  The  hydrodynamic 
ex[)ansion  of  ribbon  t:arqets  ha.s  boon  studied,  indicating  great  promise  as  tiotentf.  1  targets 
for  future  x-ray  '  iser  schi'rnes.  A  joint  phtit  opump/rocomb  i  nat  i  on  scheme  is  proposed  which 
may  result  in  am[j  1  i  f  i  cat  i  on  in  the  wati.'r  window. 
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PHOTOPUMPED  SHORT  WAVELENGTH  LASERS  IN  XENON  AND  KRYPTON 


H.C.  Kapteyn  and  R.W.  Falcone 

Department  of  Physics 
University  of  California  at  Berkeley 
Berkeley  CA  94  720 


Abstract 

We  report  studies  of  short  wavelength  lasers  in  Xe  HI  at  108.9  nm  and  in  Kr  HI  at  90.7  nm.  The 
inversion  mechanism  in  these  systems  is  inner  shell  photoionization  followed  by  selective  Auger 
decay.  Data  presented  include  the  demonstration  of  gain  and  the  measurement  of  the  upper  and  lower 
level  natural  lifetimes  of  the  laser  transitions.  Computer  models  used  to  simulate  the  output  of 
the  gain  demonstration  experiments  are  discussed.  These  simple  models  can  explain  the  observed 
output,  without  need  to  consider  any  effects  other  than  amplified  spontaneous  emission  on  the 
dynamics  of  the  system. 

The  first  demonstration  of  a  short  wavelength  laser  pumped  by  Auger  decay  following  photoionization  was 
recently  reported  by  the  authors.’  In  this  experiment,  soft  x-rays  emitted  from  a  laser  produced  plasma  ionize 
inner-shell  4d  electrons  in  neutral  xenon  gas.  The  resulting  highly  excited  Xe*  atoms  rapidly  undergo  Auger 
decay  to  various  excited  states  of  Xe**.  The  relative  Auger  decay  rates  and  level  degeneracies  are  such  that  a 
population  inversion  is  created  between  the  Xe**  5s®5p®  'Sg  and  5s’5p^  ’Pi  states,  and  laser  gain  is  observed  at 
the  transition  wavelength  of  108.9  nm.  The  analogous  transition  in  krypton,  Kr**  4s“4p®  ’Sq  to  4s’4pS  'p,,  is 
similarly  inverted  at  a  wavelength  of  90.7  nm.^ 

The  experimental  apparatus  used  to  demonstrate  gain  is  shown  in  Fig.  1.’  A  Nd-doped  glass  laser  pulse  (40- 
70  J,  0.1-1  nsec)  is  focused  onto  a  tantalum  target  to  form  a  thin.  9  cm  long  plasma  soft  x-ray  source. 

Radiation  from  the  plasma  ionizes  xenon  or  krypton  gas  in  a  3mmx3mmx9cm  channel  opposite  the  plasma  and 
1-2  cm  away  from  it.  The  channel  is  covered  with  a  150  nm  thick  parylene  filter  which  confines  the  active 
region  since  it  is  transparent  to  the  pump  soft  x-rays  but  opaque  to  the  short  wavelength  laser  radiation.  The 
excited  length  of  the  gain  region  is  varied  by  shadowing  portions  of  the  channel  from  the  pumping  radiation-, 
emission  from  gas  in  the  channel  is  expected  to  increase  non-linearly  with  pumped  length  if  there  is  laser  gain. 
The  photodetector  is  a  specially  designed  soft  x-ray  streak  camera  using  a  microchannel  plate  photocathode. ^  The 
camera  views  the  gas  in  the  channel  through  a  vacuum  spectrometer.  The  system  has  a  spectral  resolution  of 
1.5  nm,  a  time  resolution  of  200  psec,  and  is  sensitive  to  single  photons.  The  spectrometer  is  separated  from 
the  target  chamber  by  a  LiF  window  in  the  case  of  Xenon,  and  by  a  capillary  array  window  and  differential 
pumping  arrangement  in  the  case  of  Krypton. 

Gain  IS  observed  at  both  the  Xe**  108.9  nm  transition,  as  seen  in  Fig. 2,  and  at  the  Kr**  90.7  nm  transition, 
as  seen  in  Fig,  3,^  The  data  were  fitted  using  a  spectrally  integrated  brightness  function,’  which  yields  the 
line  center  gain  coefficient.  The  xenon  data  were  taken  using  55  J  of  laser  pump  energy  in  a  1  nsec  pulse,  with 
a  target-channel  distance  of  2  cm.  The  curve  yields  a  gam  coefficient  of  0.8  cm"’.  80!t  enriched  Xe  was 

used  for  these  measurements  to  limit  the  effects  of  hyperfine  splitting  on  the  gain  of  the  transition.  For 
Krypton,  no  separated  isotope  was  used,  the  pump  pulse  width  was  narrowed  to  0.5  nsec,  and  the  target -channel 
distance  was  narrowed  to  1  cm.  The  indicated  curve  (a)  is  a  fit  to  data  taken  with  50  J  of  pump  energy, 
yielding  a  gain  coefficient  of  0.5  cm"'  and  (b)  is  a  fit  to  data  taken  with  38  J  of  pump  energy,  yielding  a  gain 
coefficient  of  0.7cm"’. 

In  the  case  of  the  xenon,  ihe  output  pulse  width  is  generally  about  600  psec,  narre  .ing  to  450  psec  at  the 
highest  intensities,  and  widening  to  somewhat  over  1  nsec  at  the  lowest  intensities.  A  double  pulse  structure  is 
often  observed  at  intermediate  intensities,  for  which  our  best  explanation  is  superf luorescent  ringing.  In  the 
case  of  Krypton,  the  pulse  width  is  always  less  than  300  psec.  near  the  resolution  limit  of  our  detector. 

Measurements  were  made  using  a  single  end  mirror  with  the  xenon  laser  to  enhance  output  in  a  double  pass 
geometry.  The  reflector  used  was  a  lithium  fluoride  window,  which  has  a  calculated  surface  reflectivity  of 
about  10*  at  108.9  nm.^  In  this  experiment,  the  pump  laser  is  focused  to  a  line  9  cm  long  inside  a  1  cm  deep 
by  3  mm  wide  slot.  Emission  is  observed  from  a  region  close  to  the  plasma  target.  About  4  j  of  laser  energy 
IS  necessary  to  show  substantial  gain  on  the  108.9  nm  transition  in  this  geometry.  Gain  is  measured  by 
alternately  blocking  and  unblocking  the  mirror  and  varying  the  pumped  length.  As  shown  in  Fig.  4,  the  mirror 
enhances  the  output.  Curve  (a)  is  a  fit  to  data  with  the  reflector  and  curve  (b)  fits  data  without  the  reflector. 
The  relatively  small  enhancement  of  output  intensity  in  the  multipass  geometry,  relative  to  the  measured  gam 
along  the  channel,  may  be  explained  by  output  saturation  and  the  fact  that  gam  is  present  m  the  system  tor  a 
time  comparable  to  or  shorter  man  the  optical  round  trip  time  in  the  channel. 

In  addition  to  studying  these  xenon  and  krypton  transitions,  we  searched  for  other  lines  m  the  wavelength 
range  of  50  to  100  nm  m  xenon,  krypton,  and  argon.  No  other  lasing  transitions  were  found  m  either  the  channel 
configuration  or  m  the  s  ot  conf  iqu^at  .or  using  a  30  j,  100  psec  pump  pulse. 
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The  lifetimes  of  the  upper  and  lower  laser  levels  in  xenon  and  krypton  were  measured  using  the  technique  of 
time  correlated  photon  counting^  (TCPC)  in  conjunction  with  a  high  repetition  rate  laser  produced  plasma  x-ray 
source.^'®  In  TCPC,  single  photons  are  detected  from  the  excited  gas  following  repetitive  impulsive  excitation. 
The  time  interval  between  the  excitation  pulse  and  detection  of  a  fluorescence  photon  is  measured  and  after 
many  detected  photons,  a  histogram  of  photon  arrival  times  is  constructed  showing  decay  of  the  excited  state. 
The  apparatus  is  shown  in  Fig.  5,  A  q-switched,  mode-locked  Nd:YAG  laser  is  focused  or.ro  a  rotating  metal 
target  rod.  1  he  output  of  the  laser  consists  of  bursts  of  about  20  pulses  at  a  10  nsec  interpulse  interval,  with 
each  pulse  100  psec  long.  The  burst  repetition  rate  is  up  to  500  Hz.  Each  pulse  has  an  energy  of  up  to  70|iJ  and 
is  focused  by  a  10  cm  lens  to  a  power  density  of  about  10”  W/cm^  on  the  target.  Soft  x-rays  from  the 
resulting  plasma  excite  gas  surrounding  the  target,  and  fluorescence  is  detected  by  a  microchannel  plate 
photodetector  at  the  exit  slit  of  a  vacuum  monochromator.  The  target  cell  is  separated  from  the  spectrometer 
by  a  differential  pumping  system.  Since  some  of  the  fluorescence  lines  have  energies  above  the  neutral  gas 
ionization  threshold,  the  capillary  array  window  is  placed  within  1  cm  of  the  excited  gas  region  to  minimize 
absorption.  Care  was  taken  to  direct  gas  flow  through  the  target  chamber  in  such  a  way  that  debris  from  the 
plasma  does  not  clog  the  capillary  window.  The  detection  electronics  consists  of  two  constant  fraction 
discriminators,  one  triggered  by  a  photodiode  looking  at  the  laser  output,  and  the  other  triggered  by  the 
photodetector  after  amplification.  Discriminator  outputs  are  connected  to  the  start  and  stop  inputs  of  a  time- 
to-amplitude  converter,  whose  output  is  fed  to  a  computer.  The  data  is  then  displayed  and  fit  to  an  exponential 
decay  function. 

The  time  resolution  of  the  system  was  estimated  by  observing  the  emission  of  a  short-lived  transition  in 
Kr**  at  55  nm.  Figure  6(a)  shows  this  measurement.  The  resulting  pulse  has  a  FWHM  of  <300  psec  and  a 
risetime  of  125  psec.  Figure  6(b)  shows  a  measurement  of  the  !(■■**  90.7  nm  laser  transition  at  1  torr 
pressure,  along  with  the  resulting  fit  to  the  lifetime.  The  observed  lifetimes  of  the  states  vary  with  pressure 
due  to  neutral  gas  collisional  quenching;  data  is  thus  taken  at  several  pressures  and  extrapolated  to  zero 
pressure  to  get  the  natural  lifetime.  The  upper  state  lifetimes  in  both  xenon  and  krypton,  and  the  lower  state 
lifetime  of  krypton,  were  determined  in  this  manner.  In  the  case  of  the  xenon  lower  level,  the  system  was 
modified  by  the  insertion  of  an  electro-optic  pulse  selector,  so  that  only  one  pulse  in  each  burst  is  passed.  This 
was  done  since  the  upper  level  lifetime  feeds  into  the  lower  level  on  a  time  scale  similar  to  the  10  nsec  pulse 
separation,  which  would  have  made  measurement  of  the  lower  level  lifetime  difficult  to  fit  to  using  the 
original  setup.  For  both  lower  levels,  the  lifetime  was  fit  to  data  at  times  after  the  upper  level  had 
substantially  decayed.  The  measured  data  including  the  lifetimes  and  the  quenching  coefficients  is  shown  in 
Table  1. 

Computer  simulations  were  developed  to  model  the  laser  systems.  These  simulations  involve  two  types  of 
calculations.  The  first  is  a  simple,  time  independent  calculation  assuming  instantaneous  pumping  of  the  xenon 
gas  by  the  plasma  x-rays.  This  yields  cumulative  electron  and  ion  densities,  as  well  as  the  net  gain  coefficient. 
The  second  simulation  is  time  dependent  and  takes  into  account  amplified  spontaneous  emission.  This  is  done  to 
predict  the  temporal  behavior  of  the  output  and  to  relate  predicted  local  gain  coefficients  to  the  experimentally 
measured  gain  of  the  system  as  determined  by  the  gain  curve  fit. 

In  these  simulations,  we  assume  that  the  plasma  spectrum  resembles  a  blackbody  emitter  with  a  30  eV 
temperature  and  that  the  conversion  efficiency  of  input  laser  energy  to  soft  x-ray  emission  is  1%.''  By 
calculating  absorption  of  this  radiation  in  the  parylene  filter®  and  in  the  gas  (using  cross  sections®  for  the  4d, 
5s  and  5p  electrons),  the  densities  of  inner-shell  and  outer-shell  ionized  atoms  and  the  total  electron  density 
can  be  determined.  Secondary  electron  production  due  to  electron  avalanche  ionization  is  also  taken  into 
account.  Excitation  densities  include  integration  over  the  line  focus  geometry  of  the  systemi,  assuming  the 
plasma  radiates  uniformly  in  all  directions.  The  population  inversion  density  is  calculated  using  relative  Auger 
decay  fractions^'*®  of  0.044  and  0.051  for  decay  of  the  4d  hole  state  into  the  upper  and  lower  laser  levels,  and 
the  gain  cross  section  is  calculated  using  standard  formulas  assuming  Doppler  broadening.  Calculations  for  the 
xenon  gain  experiment  using  this  time  independent  model  predict  an  exponential  gain  coefficient  of  1.5  cm"' 
along  the  9  cm  channel.  The  excited  state  density  along  the  slot  is  calculated  to  be  constant  to  within  20*  of 
the  average  value  over  80*  of  the  slot  length,  and  the  maximum  electron  density  is  predicted  to  be 
1  X  1  o’ ®  cm"®. 

Since  the  observed  output  pulse  from  the  xenon  is  shorter  than  the  pump  pulse,  the  gain  computed  above  is 
expected  to  be  only  a  rough  estimate  of  the  actual  measured  gain.  Thus  we  developed  the  time  dependent  model 
to  more  accurately  predict  the  gam  observed,  and  also  to  enable  us  to  understand  the  pulse  width  behavior  of  the 
system  under  varying  conditions.  In  this  model,  three  ma)or  approximations  are  made  to  simplify  the 
implementation.  First,  the  excited  state  density  of  the  system  is  assumed  to  be  uniform  over  the  entire  slot. 
Second,  the  phofon  transit  time  through  the  slot  is  assumed  to  be  small  compared  to  the  characte''istic  time  of 
both  the  pump  pulse  and  the  output  pulse.  And  third,  superfluorescence  effects”  are  ignored  and  the  output  is 
assumed  to  be  determined  solely  by  amplified  spontaneous  emission. 

The  time  dependent  miOdel  approximates  the  effects  of  amplified  spontaneous  emission  on  the  dynamics  of  the 
systeTi  by  generating  a  function  which,  as  a  function  of  gain  of  the  channel,  approximates  the  number  of  photons 
exiting  the  excited  region  for  each  spontaneous  emission  photon  emitted  in  the  region.  This  function  is  generated 
m  iwo  steps.  The  first  step  is  to  do  a  Monte  Carlo  sim.ulation  to  generate  a  distribution  function  of  how  far  a 
photon  emitted  m  a  randerr  direction  from  a  random  place  in  the  channel  will  travel  before  exiting  the  region. 
Then,  for  any  given  ga:^  in  the  channel,  this  distribution  function  is  integrated  to  determine  i  he  average  number 
of  photons  exiting  the  exe  ted  region.  Also  generated  i.n.  this  orocess  is  a  function  wh.ch  mdic  res  how  maeij  ct 
these  photons  wiM  exit  in  an  f30  cone  along  the  axis.  i:i.)roxiT.it  ing  the  output  beam  obse^vou  m  the  expo' crr.'-.t . 
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This  spontaneous  emission  enhancement  function  can  then  be  used  in  a  simple  rate  equation  model  determining 
the  dynamics  of  the  system  and  the  intensity  of  the  output  beam.  In  the  simulation  the  upper  and  lower  levels 
are  filled  by  Auger  decay,  and  the  upper  level  decays  to  the  lower  level  through  amplified  spontaneous  emission. 
The  Monte  Carlo  and  rate  equation  codes  can  then  be  run  for  several  different  excited  lengths,  and  the  simulation 
data  fit  to  the  same  function  the  experimental  data  is  fit  to.  Given  a  pump  pulse  length  of  1  nsec  and  a  total 
pump  flux  identical  to  that  determined  in  the  time  independent  model,  the  time  dependent  model  predicts  a 
fitted  gam  parameter  of  0,95  cm"'.  This  is  in  reasonable  agreement  with  the  measured  0,6  cm"'  gain.  The 

model  predicts  also  that  this  measured  gain  is  close  to  saturation  in  the  system. 

According  to  the  results  of  the  simulation,  the  output  pulse  length  should  shorten  with  increasing  output 
intensity  until  saturation,  when  the  output  pulse  has  a  width  of  430  psec.  At  higher  output  intensities  the 
pulse  width  again  increases.  Figure  7  shows  the  experimental  pulse  width  data  as  a  function  of  intensity;  fits 
to  the  time  dependent  model  data  are  shown  as  solid  lines.  Curve  (a)  is  the  model  result  assuming  the 

predicted  pump  flux  which,  as  discussed  above,  yields  a  reasonable  fit  to  the  intensity  versus  length  data. 

However,  the  pulse  length  in  this  simulation  is  longer  and  increases  more  rapidly  with  decreasing  length  than 
the  experimental  data.  By  assuming  only  a  30*  higher  pump  flux  and  thus  higher  gain,  we  obtain  better 
agreement  with  the  data  as  shown  by  curve  (b).  Thus  the  behavior  of  the  amplitude  and  pulse  length  of  the 
output  can  be  reasonably  accurately  simulated  using  this  model  with  only  one  empirical  parameter.  Although  the 
model  involves  many  simplifying  assumptions  (tor  example,  it  ignores  possible  electron  quenching  of  the  laser 
level)  we  conclude  that  amplified  spontaneous  emission  is  the  dominant  process  determining  the  behavior  of  the 
xenon  laser  system. 

The  model  does  not,  however,  predict  the  observed  double  pulse  output.  Possible  explanations  include  non- 
uniformities  in  the  pumped  gain  region  such  as  spatially  dependent  depletion  rates,  transit  time  effects, 
electron  quenching  of  the  lower  level  or  coherent  effects,  Superf luorescent  behavior  might  be  expected  in  our 
high  gain,  narrow  linewidth  gain  medium  since  the  coherence  time  (which  is  on  order  of  the  upper  state 
lifetime)  is  longer  than  the  optical  transit  time  through  the  gain  region.  Double  output  pulses  have  been 
predicted  and  observed  in  superf  luorescent  systems." 

Efficient  extraction  of  energy  from  these  laser  systems  is  of  interest  not  only  in  developing  practical 
applications,  but  also  as  a  prototype  for  other  photopumped  short  wavelength  lasers,  Sher,  Macklin,  Young,  and 
Harris'^  have  demonstrated  saturation  and  extraction  of  20  >iJ  of  energy  from  a  travelling  wave  amplifier  using 
the  Xe  111  108,9  nm  transition.  Resonators  are  another  possibility  for  extracting  a  coherent  beam.  Since  the 
transition  is  short  lived  and  self  terminating,  any  resonator  would  have  to  be  either  very  short,  or 
synchronously  pumped.  In  the  case  of  short  resonators,  computer  simulations  may  be  helpful  to  determine  the 
tradeoff  between  high  single  pass  gain  and  the  reduced  number  of  passes  resulting  from  an  amplified  spontaneous 
emission  reduced  gain  lifetime.  In  the  case  of  a  synchronously  pumped  resonator,  the  resonator  transit  time 
could  be  made  longer  than  the  lower  level  decay  lifetime,  and  repetitive  excitation  pulses  could  produce  gain 
synchronously  with  a  propagating  pulse.  This  concept  may  be  more  practical  with  the  krypton  than  with  the 
xenon  transition,  since  it  has  a  shorter  lower  level  lifetime. 

In  conclusion,  we  demonstrated  gain  in  two  new  short  wavelength  laser  systems  pumped  by  inner-shell 
photoionization  and  Auger  decay.  We  measured  lifetimes  and  quenching  of  the  important  states,  and 
demonstrated  the  use  of  a  reflector  for  multipass  amplification.  Time  dependent  simulations  were  used  to 
model  the  temporal  behavior  of  these  systems  and  to  demonstrate  that  the  primary  effect  determining  the 
output  pulse  length  of  the  laser  under  our  pumping  conditions  is  amplified  emission.  Further  studies  could 
include  development  of  short  cavity  length  or  synchronously  pumped  resonators  for  these  lasers,  and  the 
extension  of  the  Auger  pumping  scheme  to  shorter  wavelengths. 
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T  ables 


T  ransition 

Wavelength 

(nm) 

Lifetime 

(nsec) 

Quenching  Coef. 
(torr-sec)"' 

Xe 

Upper 

Ss^SpS  -  5s°5p®  ^So 

108.9 

4.75  ±  0.15 

2.8  ±  0.2  X  10^ 

Xe 

Lower 

Ss^Sp^  ^Pq  -  Ss^SpS  iPi 

90.2 

20.5  ±  2.0 

2.3  ±  0.5  X  10^ 

Kr 

Upper 

<^S^p5  1p^  _  ’Sfl 

90.7 

2.0  ±  0.1 

3.4  ±  0.6  X  10’ 

Kr 

Lower 

4s^4p^  ^D2  -  4sMp®  'Pi 

78.6 

4.5  +  0.3 

1.3  ±  1.1  X  10^ 

Table  1:  Lifetime  data  for  the  xenon  and  krypton  upper  and  lower  laser  levels.  The  wavelength,  decay  time  and 
collisional  quenching  coefficient  are  indicated. 


Figures 


To  detector 


Figure  1  Gain  measurement  apparatus  showing  the  pump  laser  focused  to  a  line  on  the  target  rod  and  the 

emission  of  soft  x-rays  from  the  resulting  plasma.  The  channel  confines  the  observed  region  of  the 
photoionized  gas. 
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length  (cm) 


length  (cm) 


Figure  3  Intensity  as  a  function  of  length  for  krypton  emission  at  90.7  nm.  Curve  (a)  indicates  a  fit  to  data 
taken  with  a  pump  energy  of  50  J  yielding  a  gain  coefficient  of  0.5  cm"'.  Curve  (b)  indicates  a  fit 
to  data  taken  at  a  pump  energy  of  30  J  yielding  a  gain  of  0.7  cm"'. 


length  (cm) 

Figure  4  Intensity  as  a  function  of  length  for  xenon  108.9  nm  emission.  Curve  (a)  indicates  a  fit  to  data 

taken  with  a  lithium  fluoride  reflector  yielding  a  gain  coefficient  of  1.12  cm"'.  Curve  (b)  indicates 
a  fit  to  data  taken  without  the  reflector  and  yields  a  gain  of  1.09  cm"'. 


Figure  5  Time  correlated  photon  counting  apparatus. 
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AbSiRACT 

In  the  EUREKA  EUROLASER  Project  it  was  required  the  study  of  excimer  laser  sources 
with  a  final  power  up  to  10  kw.  At  the  same  time  the  possibility  of  developing  systems 
with  final  power  in  a  lower  range  has  been  investigated  by  some  countries.  The  Italian 
group  has  studied  the  general  characteristics  of  a  system  delivering  a  beam  with  3  kW 
power . 

The  main  features  of  the  system  will  be:  operation  with  a  self  -sustained  discharge 
pumpimg  system  after  x-ray  preionization,  and  optimazation  for  XeCl ,  but  with  the  possi¬ 
bility  of  operation  also  with  F  compounds. 

During  the  development  of  the  project,  special  attention  will  be  dedicated  to  cavity 
studies  for  the  control  of  the  beam  quality,  to  kinetic  codes  for  the  control  of  the  di¬ 
scharge  phenomena,  and  to  specific  studies  for  the  control  of  pulse  duration,  both  for 
short  and  long  pulses.  Exploratory  work  on  application  studies  is  also  foreseen  all  along 
the  development  phase  of  the  project. 

Some  information  on  distribution  of  the  work,  time  schedule,  costs  and  international 
cooperations  will  be  finally  illustrated. 

INTRODUCTION 


With  the  declaration  of  Hannover  signed  on  November  the  6th  1985,  eighteen  European 
countries  agreed  to  start  a  scientific  and  technological  cooperation  which  goes  under  the 
name  of  EUREKA. 

Subsequently,  following  the  conferences  held  in  London  in  June  the  30th  and  September 
16th  1986  the  Eureka  project  was  given  a  framework  within  which  procedures  for  prepara¬ 
tion,  evaluation,  financing  and  management  have  been  set. 

The  countries  which  joined  the  Eureka  program  are  listed  in  Table  1.  The  main  objecti¬ 
ves  set  up  by  the  Eureka  program  are: 

1)  Increase  the  productivity  and  the  competitivity  of  industries  and  national  economies 
on  international  market. 

2)  Increase  welfare  and  occupation. 

3)  Control  and  exploration  of  vital  technologies  for  European  future  development. 

The  organization  structure  is  the  following: 

a  committee  formed  by  the  ministers  of  scientific  research  and  technology  in  charge  of 
approving  the  presented  projects; 

a  committee  of  government's  high  rapresentative  formed  by  people  of  outstanding  poli¬ 
tical  and  scientific  weight  capable  of  steering  each  national  activity; 
a  committee  of  government  delegates  in  charge  of  each  project  capable  to  drag  and  enu¬ 
cleate  the  interests  of  scientific  community  and  companies  toward  an  industrial  compe¬ 
titive  project. 

The  main  conditions  set  up  for  approval  are  the  followings: 

*  belong  to  one  of  the  Eureka  specified  areas  of  interest. 

*  Cooperation  among  some  of  the  Eureka  participating  nations. 

*  Outstanding  benefits  of  the  cooperation. 

*  Development  and  exploration  of  new  technologies. 

*  Assurance  of  a  technological  progress. 

*  Qualification  of  participants. 

*  Fair  autofinancing  of  participants. 

*  Civil  objectives  only. 
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EUROLASER  (EU6) 
OBJECTIVES  AND  ACHIEVEMENTS 


At  the  date  of  September  15th  1987  the  Italian  partecipation  to  the  Eureka  approved 
projects  is  related  to  an  overall  number  of  47  projects.  The  laser  field  is  covered  by  six 
projects  three  of  which  have  been  a  natural  spin  off  of  the  Eurolaser  (EU6)  project. 

The  EU6  project  was  approved  and  took  into  consideration  the  definition  phase  for: 

A)  Present  interests:  Carbon  dioxide  laser;  Solid  state  laser;  Excimer  laser. 

B)  Future  interest:  Carbon  monoxide  laser;  Free  electron  laser. 

C)  Other  lasers  for  industry 

The  originating  partners  for  the  Eurolaser  (EU6)  program  were  originally: 

Federal  Republic  of  Germany,  France,  Italy,  United  Kingdom 

To  this  original  set  of  countries  other  countries  added  later  on  to  the  definition 
phase.  They  are:  Austria.  Belgium.  Denmark,  France,  F.R.G.,  Greece,  Italy,  Netherland, 
U.K. ,  Spain. 

The  Eurolaser  program  has  so  far  generated  five  indipendent  laser  programs  as  a  natu¬ 
ral  spin  off.  Two  C02  laser  projects;  two  excimer  projects  and  one  solid  state  project, 
(see  Table  2  for  general  informations). 

EURQLASER:  EUROPEAN  EXCIMER  GROUP  ORGANIZATION 

An  overall  number  of  about  80  companies  and  scientific  organizations  have  participated 

to  the  Eurolaser  excimer  definition  phase.  The  project  was  subdivided  in  work  packages  and 

these  workpackages  grouped  in  five  main  areas.  Each  area  was  coordinated  by  one  of  the  na¬ 
tional  coordinators  as  follows: 

1)  application  and  market  analysis.  (U.  Schmidt  -  KWU  -  F.R.G.) 

2)  Excimer  laser  concept  and  system  aspects.  (E.J.  Spalding  -  UKAEA  -  UK) 

3)  Excimer  laser  components.  (T.  Letardi  -  ENEA  -  Italy) 

4)  Excimer  laser  discharge  (M.  Gaillard  -  Laboratoires  de  Marcoussis  -  France) 

5)  Excimer  laser  optics  (U.  Brinkmann  -  Lambda  Physik  -  F.R.G. ) 

The  outcome  of  this  work  will  not  be  described  here.  We  will  limit  ourselves  in  this 
article  to  describe  the  italian  contribution  to  the  definition  phase  of  the  Eurolaser 
(EU6)  excimer  group  which  constituted  the  basis  for  the  spin  off  of  the  EU213  Excimer  la¬ 
ser  project  (Hipulse)  indicated  in  Table  2. 

EURQLASER:  ITALIAN  EXCIMER  GROUP  ORGANIZATION 


The  participation  of  the  Italian  Excimer  group  to  the  Eurolaser  excimer  definition 
phase  brought  up  a  proposal  for  a  lower  power  excimer  laser  (3  kW)  than  originally  propo¬ 
sed  by  the  enternational  Eurolaser  excimer  group  (10  kW) . 

The  italian  working  group  was  organized  in  a  way  similar  to  the  international  working 
group  (Table  3)  and  each  group  of  workpackages  was  headed  by  a  coordinator.  The  coordina¬ 
tors  were  in  charge  of  coordinating  the  work  performed  by  each  company  and  scientific  in¬ 
stitution  involved  in  the  respective  workpackages  of  interest.  In  the  reference  list  are 
indicated  the  contribution  which  made  possible  the  completion  of  the  italian  definition 
phase  and  which  are  the  basis  of  this  communication  Cl  through  203. 

THE  ITALIAN  3  KW  PROPOSAL 


1 .  General  features 

The  cooperation  among  the  italian  participants  brought  up  the  proposal  of  a  rare  gas 
halide  (RGH)  laser  system  which  might  deliver  a  laser  radiation  with  a  power  of  3  kW. 
This  kind  of  high  power  UV  laser  output  system  could  be  very  useful  for  industrial  ap¬ 
plication.  In  particular,  if  the  system  is  combined  with  other  laser  technologies,  the 
high  power  laser  beam  can  have  different  characteristics,  such  as: 

1.  the  low  far-field  divergence  (up  to  diffraction  limit); 

2.  the  wavelength  tuning  or  wavelength  shift; 

3.  the  controlled  laser  output  pulse  duration  (up  to  picosecond); 

4.  the  spatially  uniform  intensity  output. 

A  laser  beam  with  these  features  is  very  attractive  for  material  processing,  photoche¬ 
mistry  and  so  on.  *2. 

T3ie  mean  power  of  a  pulsed  laser  source  can  be  increased  varying  the  repetition  rate, 
which  in  turn  effects  the  gas  flow  speed  in  the  discharge  region,  or  varying  the  ener¬ 
gy  p’r  pulse. 

In  order  to  increase  the  energy  per  pulse  the  active  volume  must  be  increased,  because 
it  has  been  experimentally  verified  that  the  efficiency  decreases  as  the  energy  densi¬ 
ty  in  the  active  volume  increases,  so  that  the  energy  per  pulse  must  be  increased  with 
the  discharge  volume  at  constant  energy  density.  Currently,  few  J/1  can  be  extracted 
from  an  efficiently  operated  RGH  source. 

The  maximum  length  of  the  active  volume  is  limited  by  absorption  processes  and  by  con- 
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siderations  about  the  problems  concerning  the  amplification  of  spontaneous  emission, 
to  about  1  m.  A  further  increase  in  the  active  volume  can  be  done  only  increasing  the 
cross  section  of  the  laser  beam. 


Discharge  region  features 

Usually  the  discharge  transverse  dimensions  (H,  W)  cannot  be  too  much  different,  so 
that  we  can  realistically  assume  H  2  W. 

However,  there  are  several  factors  which  limit  the  discharge  dimensions.  We  can  summa¬ 
rize  them  as  follows. 

1.  Rise  time  of  the  discharge  current  in  the  laser  cell.  Indeed  the  discharge  circuit 
inductance,  which  the  rise  time  of  the  discharge  current  is  proportional  to,  is 
increased  with  the  discharge  cross  section.  On  the  other  hand,  the  useful  pumping 
time,  for  present  systems,  is  always  lower  than  about  1  psec ,  which  imposes  a  li¬ 
mitation  on  the  inductance. 

2.  Skin  depth  effects,  which  limit  the  maximum  height  of  the  discharge  to  the  pene¬ 
tration  of  the  current  in  the  active  volume.  If  we  take  the  discharge  conductivity 

of  0.02/  ^  •  cm  for  the  usual  XeCl  discharge,  a  simple  estimation  shows  that  the 

skin  depth  is  ^  20  cm. 

It  is  well  known  that  discharge  in  mixtures  are  less  stable  than  in  HCl  mixtures, 

and  these  limits,  therefore,  are  mcr“  and  more  severe  with  increasing  the  active  volu¬ 
me.  So,  the  active  volume  may  be  different  for  mixture  or  HCl  mixture.  In  conclu¬ 
sion,  in  order  to  reach  the  final  goal  of  a  3  kW  laser  system,  we  took  into  conside 

ration  two  kinds  of  technologies,  first:  the  high  repetition  rate  laser,  and  second 
the  high  energy  per-pulse  laser. 

Tipically  they  might  be  (see  Table  5) 
no.  I  system: 

1  J/pulse;  reptition  rate  3  kHz;  active  volume  1  Liter; 

no . II : 

10  J/pulse;  repetion  rate  300  Hz;  active  colume  10  Liter. 

Optical  cavity  features 

Usual  configurations  of  optical  cavities,  such  as  stable  configurations  or  plano-plano 
mirrors,  easily  achieve  divergence  of  the  laser  beam  in  the  region  of  few  millira- 
dians,  which  means  more  than  an  order  of  magnitude  higher  than  the  diffraction  limit. 
However,  the  possibility  of  decreasing  the  divergnce  is  very  attractive  because  in 
this  way  the  power  density  can  be  increased,  with  higher  accuracy  of  material  machi¬ 
ning.  Recently  many  schemes  of  unstable  cavities  have  been  used  with  excimer  lasers, 
both  in  the  positive  branch  and  in  the  negative  branch  configuration.  It  is  now  clear 
that  low  divergence  diffraction  limited  beams  can  ideally  be  obtained  without  serious 
reduction  of  estraction  efficiency.  However,  further  studies  still  need  to  be  done. 

For  some  schemes  there  are  problems  of  stability  and  criticiness  (especially  in  the 
positive  branch),  in  other  cases  (negative  branch,  SFUR)  there  are  problems  of  limited 
volume  of  the  mode.  So,  for  large  aperture  systems  further  investigations  should  be 
done  in  order  to  choose  the  best  optical  configuration.  7 


Power  supply  features 

Operation  of  the  laser  requires  the  utilization  of  an  adequate  power  supply-system.  It 
consists  of  a  Main  Power  Supply  section  (MPS),  a  Prepulse  Power  Supply  ( PPS ) ,  and  a 
X-Preionization  Power  Supply  section  (XPS). 

MPS  typical  specifications  might  be  the  following:  average  power  of  50  kW.  voltage  le¬ 
vel  on  the  storage  line  from  30  to  60  kV  with  a  risetime  of  £  10  ^s.  To  fulfill  these 
requirements  a  resonant  transformer  command  charging  system  will  be  employed,  with  the 
benefit  of  a  low  voltage  power  section,  solid  state  (thyristor)  command  charge  switch, 
with  relatively  high  energy  transfer  efficiency. 

The  PPS  section  provides  a  voltage  level  ranging  from  80  to  100  kV  with  an  average  po¬ 
wer  of  5  kW  to  the  prepulse  storage  capacitor.  Switching-mode  systems  could  be  emplo¬ 
yed  for  optimum  control  and  stabilization.  Similary  this  solution  will  be  chosen  for 
the  XPS  section,  providing  voltage  levels  between  150  and  200  kV  and  average  power  of 
10  kW. 


Switch  features 

One  of  the  most  important  technological  issues  in  high  power  pulsed  gas  lasers  is  the 
problem  of  switching  energy  in  a  very  short  time  from  the  source  to  the  load.  In  this 
respect  excimer  lasers  requirements  to  the  excitation  process  are  extremely  severe  in 
terms  of  peak  current  and  voltage  risetime.  Usual  high  power  switches  employed  so  far 
during  the  development  of  this  class  of  lasers  have  been  quite  often  at  the  limits  of 
the  operative  parameter  ranges.  In  the  last  few  years  the  general  trend  has  been  a  wi¬ 
de  investigation  on  the  potential  advantages  offered  by  magnetic  materials  (MM)  in 
comparison  with  traditional  components  such  as  Spark-gaps  (single  arc  or  in  a  rail 
geometry)  or  Thyratrons.  Indeed  in  suitable  geometries  a  fast  flux  saturation  produces 
a  sudden  reduction  of  the  imaginary  part  of  the  impedance  opposed  otherwise  to  the 
current  flow,  with  good  risetimes  and  reasonable  losses.  Several  companies  have  deve- 


loped  MM  for  low  losses  high  frequency  operation.  These  materials  can  be  divided  in 
two  main  classes:  ferrites  and  steel  alloys,  allowing  different  choices  in  terms  of 
various  parameters,  such  as  saturation  flux,  unsaturated  permeability,  losses,  design 
geometries,  hysteresis,  loop  shapes  or  others. 

For  all  these  types  of  different  switching  requirements  MM  will  be  employed  both  as 
switches  (MDS)  or  magnetic  compressors  (PDS,  XGS )  besides  high  power  ceramic  thyra- 
trons.  During  the  preliminary  device  development  various  MM  will  be  tested  to  evaluate 
their  effectiveness  in  terms  of  switching  time,  losses  and  component  lifetime. 

On  the  other  hand  preliminary  evaluations  on  the  cost  incidence  of  magnetic  compres¬ 
sors  indicate  the  necessity  to  develop  studies  on  the  use  of  different  pumping  sche¬ 
mes  . 

6 .  Eherqy  Storage  Systems  Features 

If  we  fix  the  efficiency  of  the  laser  system  to  a  level  of  2%,  the  storage  capacitors 
must : 

1)  Store  an  energy  from  50  J  to  500  J; 

2)  Transfer  a  power  of  150  kW. 

Solid  state  (mylar)  or  water  capacitors  may  be  used:  stored  energy  density  in  mylar 
can  be  a  little  higher  than  in  water,  but  the  water  capacitors  are  essentially 
self -repairing  in  case  of  internal  discharge,  and  can  easily  dissipate  the  heat.  On 
the  other  hand,  water  capacitors,  for  the  reason  of  the  limited  insulating  properties, 
can  be  charged  only  for  times  not  longer  than  few  microsecond.  So,  the  two  system  are 
both  attractive  for  an  industrial  system,  and  the  final  decision  must  be  taken  after 
the  collection  of  further  elements.  Any  way,  a  suitable  development  must  be  undertaken 
for  solid  state  system  in  order  to  reduce  the  losses  which  limit  the  power  handling 
capabilities  of  most  commercial  capacitors,  when  used  in  fast  discharge  circuits. 

7 .  Preionization  System  Features 

Of  the  different  preionization  system,  U.V. ,  corona,  e-beam.  X-ray,  only  the  X-ray 
seems  to  be  suitable  for  the  preionization  of  large  active  volumes,  especially,  for 
large  volume  or  high  pressure  discharge  systems. 

Theoretical  studies  set  a  lower  limit  of  -  10^  e/cm  for  the  preionization  density 
to  obtain  uniform  discharges  and  experimentally,  it  has  been  verified  that,  at  least 
for  XeCl,  10'  e/cm  is  a  sufficient  preionization  density  for  this  purpose. 

From  the  experience  gained  up  to  now  in  X-ray  preionized  discharges,  the  voltage  of 
the  X-ray  tube  muse  be  in  the  region  of  100  kV.  Usually  a  stored  energy  of  10  J  for 
X-ray  diode  is  sufficient  for  a  uniform  discharge  in  a  10-1  volume, 

If  we  keep  in  mind  that  the  discharge  energy  safely  desposited  in  such  active  volume 
can  be  of  the  order  of  1  kJ,  one  sees  that  the  power  in  the  preionization  system  can 
be  of  the  order  of  percent  of  the  power  of  the  main  discharge. 

For  efficient  preionization,  cathodes  that  can  deliver  current  peak-pulses  of  —  1  kA, 
for  100  nsec,  are  necessary.  Even  if  such  cathodes  are  toaday  existing  (plasma  catho¬ 
des,  cold  emission  cathodes,  etc.)  their  ability  to  work  in  the  kHz  range  for  more 
than  10  pulses  must  still  be  proved. 

8.  Automation  of  control  features 
Gas  Mixture  Processincr 

The  laser  will  operate  with  several  mixtures,  depending  on  the  required  wavelength  of 
the  output  radiation.  The  conventional  approach  up  to  the  present  time  is  to  create  a 
static  fill  of  the  appropriate  gas  composition  and  partial  pressures  and  then  recir¬ 
culate  the  gas  trough  the  electrodes  by  means  of  a  fan  and  eventually  a  wind  tunnel. 
The  following  sequence  of  operations  will  be  required:  a)  Evacuation  of  the  laser 
head;  b)  Fill  up  with  the  appropriate  gases  with  controlled  pressures;  c)  Recircula¬ 
tion  of  the  gas  mixture  in  an  appropriate  gas  purifier. 

Starting  program 

After  the  gas  fill  is  performed  an  automatic  warm  up  of  all  the  components  will  start. 
The  high  voltage  power  supplies  are  set  in  a  stand-by  position  until  the  gas  flow  sy¬ 
stem  and  all  the  cooling  systems  are  in  operation. 

Beam  Characteristics 

The  output  beam  can  be  controlled  for  different  possible  applications. 

The  wavelength  can  be  selected  by  a  tuning  system  consisting  in  a  selective  cavity  or 
by  changing  the  gas  mixture.  As  the  mirror  reflectivities  and  spectral  response  are 
different  in  the  various  cases  an  automatic  switch  is  required.  More  complicated 
automations  can  be  optional  if  he  optical  cavity  geometry  has  to  be  varied  (stable 
versus  unstable  resonators  and  so  on).  The  optimization  for  different  gas  compositions 
or  different  output  characteristics  may  require  the  substitution  of  the  electrodes. 

Power  Delivering  Control 

The  laser  output  which  reaches  the  working  station  must  be  controlled  in  several  ways, 
a)  Energy  per  pulse,  for  the  appropriate  dose  at  each  pulse.  bi  Average  power,  c) 
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repetition  rate,  d)  Sequences  of  pulses.  This  control  will  be  determined  by  an  ap¬ 
propriate  program,  depending  on  the  particular  application  which  have  to  be  performed 
at  the  working  station. 

System  Master  Control 

Automatic  check  of  the  following  parameters  at  various  points  in  the  system  will  have 
to  be  performed: 

a)  temperature,  b)  pressure,  c)  gas  flow,  d)  cooling  liquids  flow,  e)  electrical 
parameters . 

Each  check  point  must  be  indicated  by  appropriate  displays  with  indication  of  failure. 
.i\n  intelligent  decision  has  to  be  taken  in  case  of  failure  to  predict  the  kind  of  "in¬ 
tervention"  (complete  switch  off  of  the  system,  stand  by,  alarm  and  so  on). 

Recirculation  features 

The  evaluations  have  been  essentialy  carried  out  by  SNIA  BPD  and  we  report  here 
some  results. 

The  recircultion  system  of  the  EUREKA  3  kW  excimer  laser  differs  from  those  of  pre¬ 
vious,  lower -power  lasers  mainly  because  the  high  gas  velocity  required  in  the  di¬ 
scharge  region  makes  the  power  absorbed  by  the  recirculation  fan  comparable  to  or 
greater  than  the  power  absorbed  by  other  subsystems  of  the  laser.  Therefore  it  becomes 
necessary  to  adopt  aerodynamical  optimization  techniques  which  were  unnecessary  in  the 
past . 

Another  consequence  of  the  high  gas  velocity  is  that  compressibility  effects  become 
significant,  and  may  lead  to  noticeable  changes  in  temperature  and  pressure  of  the  gas 
through  the  system. 

One  problem  that  may  arise  because  of  the  high  power  of  the  recirculation  system  is 
vibration.  Vibrations  in  a  closed-loop  recirculation  system  are  caused  both  by  the  ro¬ 
tating  mass  of  the  fan  and  by  whistling  in  the  ducts,  and  in  a  system  of  the  size  con¬ 
sidered  here  are  such  that  they  must  be  explicitly  taken  into  account  in  the  mechani¬ 
cal  design  of  the  wall  ducts. 

The  evaluation  of  the  possible  laser  parameters  involved  in  the  recirculation  system 
to  try  to  assess  general  performance  criteria  and  make  some  trade  off,  starts  from  a 
well  known  relation. 


?(L)^ 


where 

Is  =  =  saturation  energy 

fllo  -  =  small  signal  gain 

T  =  1"  R  =  mirror  transmittivity 

A  simple  manipulation  of  (1)  shows  that: 

P(L)  2  REjV'A  =  laser  power  output  where:  (2) 

A  =  L.H  =  gas  flow  cross  section 
=  gas  flow  velocity 
L  =  active  volume  length 

H  =  active  volume  height 

W  =  active  volume  depth 

-  stored  energy  per  pulse 

Rj  =  proportionality  constant  (function  of  resonant  cavity  characteristics ) 

In  case  of  high  frequency  operation  equation  (1)  is  modified  as  fol¬ 
lows: 


ud/R) 

1  -  R 


where : 


KiEpyftf)  =  (l/f)/tf-  clearing  factor 

=  total  pbwer  output  at  the  P.R.F.  in  which  laser  starts  arcing 
ti  =  gas  flow  transit  time 

Xr  =  .  L  .  H  .  W  =  volume  flow  rate 

Ept/NP  =  pump  energy 

*  =  pulse  repetition  frequency 

A  useful  parameter  in  a  recirculation  gas  systems  is  the  energy  ratio  Ej^  defined  as 
the  ratio  of  kinetic  energy  flow  rate  in  the  highest -velocity  (smallest  area)  part  of 
the  hydraulic  loop  to  the  absorbed  power. 

The  energy  ratio  of  a  given  system  becomes  approximately  independent  of  operating  con¬ 
ditions  once  a  fully  turbulent  regime  is  achieved  so  that  a  useful  comparison  among 
the  proposed  operating  specifications  in  terms  of  power  requirements  may  be  obtained 
The  energy  ratio  is: 


p(F)/pm  =  E, 


where : 
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PCF)=  _L  (V.d  ir^  =  kinetic  energy  flow  in  the  fluid  streem  (5) 

P(R)  =  power  absorbed  by  fan 

d  =  gas  laser  density 

The  value  of  is  generally  around  0.6  for  small  excimer  lasers  mean  while  reaches 
values  of  3  to  7  for  well  optimized  wind  tunnels.  By  use  of  equation  (3)  introducing 
the  values  of  V  and  of  V'  into  (5)  it  is  possible  to  express  P(F)  in  function  of  laser 
specifications  and  finally  with  (4)  derive  fan  power 

P(«)  =  «-)  V* 

Ep  =  total  stored  energy  per  pulse. 

Using  specifications  given  in  Table  4  it  is  possible  to  derive  Table  5  and  Table  6. 
Table  5  shows  the  energy  flow  rates  for  the  two  kind  of  systems  taken  into  considera¬ 
tion  in  Table  4  both  for  a  low  energy  ratio  and  a  high  energy  ratio.  It  is  possible  to 
see  that  even  in  a  well  optimizes  wind  tunnel,  fan  power  consumption  can  be  a  consi¬ 
stent  fraction  of  power  input  to  the  laser  head  depending  on  design  and  buffer  gases. 
Table  6  shows  some  evalutation  about  pressure  drops  and  dimension  of  commercialy  avai¬ 
lable  fans  capable  of  satisfying  the  design  requirements. 

The  design  gas  velocity  in  the  discharge  region  of  the  EUREKA  excimer  laser  is  a 
non-negligible  fraction  of  the  speed  of  sound.  When  the  Mach  number  is  not  small, 
noticeable  changes  in  gas  temperature  and  pressure  take  place  because  of  compressibi¬ 
lity  effects.  In  particular,  when  the  gas  is  accelerated  from  zero  speed  to  a  given 
velocity  its  temperature  decreases,  in  a  manner  that  can  be  calculated  from  the  Ber¬ 
noulli  equation  and  the  equation  of  state  when  the  flow  is  isoentropic,  as  it  may  re¬ 
asonably  be  assumed  in  a  well-designed  contraction. 

Table  7  schows  the  increments  in  temperature  and  pressure  which  are  forseen  to  be  man- 
tained  in  the  stagnation  region  (low  speed  part  of  the  recirculating  system)  and  par¬ 
ticular  at  the  entrance  of  the  convergent  leading  to  the  discharge  region  if  50®C  and 
2  atmospheres  are  to  be  mantained  in  the  discharge  region  itself. 
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Cooling  features 

As  can  be  observed,  compressibility  effects  are  relevant  for  the  type  I  configuration, 
in  wich  a  temperature  difference  of  65*C  for  argon  ad  33®C  for  neon  exists  between  the 
discharge  region  and  stagnation  conditions.  This  temperature  difference  may  be  advan¬ 
tageous  in  that  a  smaller  heat  exchanger  is  necessary. 

The  EUREKA  excimer  laser  recirculation  system  must  include  a  suitable  cooling  device 
in  order  to  dispose  of  the  heat  generated  both  by  electric  discharge  and  by  friction 
in  the  ducts. 


In  order  to  estimate  the  approximate  specifications  of  the  heat  exchanger,  the  rele¬ 
vant  parameters  are  the  thermal  power  to  be  transferred,  the  flow  rate  and  temperature 
of  the  two  fluids,  and  the  maximum  allowable  pressure  loss  due  to  friction,  it  will  be 
assumed  that  the  coolant  fluid  is  running  water. 

Typical  values  of  the  heat  enchanger  parameters  for  the  different  conditions  foreseen 
for  the  EUREKA  excimer  laser  are  collected  in  Table  8,  for  an  inlet  water  temperature 
of  20®C  and  exit  gas  temperature  of  50®C  at  a  pressure  of  2  or  5  atm.  In  the  same  ta¬ 
ble  an  estimated  indicative  value  of  face  area  is  given 


Overall  recirculation  system  features 

In  table  9  are  indicated  the  main  components  which  make  up  the  recirculation  system 
for  type  I  laser.  If  a  high  energy  ratio  is  to  be  achieved,  each  of  these  components 
must  be  carefully  designed  and  tested. 

The  possible  locations  of  the  cooling  unit  are  indicated  in  Table  9  before  or  after 
the  fan  or  at  the  end  of  the  second  bend  before  the  convergent.  The  overall  size  of 
the  loop  may  be  of  the  order  of  2  by  0.8  metres,  indicatively . 

A  similar  system  for  the  type  II  discharge  section  configuration  is  also  easy  tc  be 
made.  The  main  differences  would  be  in  the  use  of  sharp  bends  with  guiding  vanes,  pre¬ 
ferable  because  of  the  thicker  cross-section  and  use  of  a  3:1  rather  than  4:1  diffuser 


to  shorten  the  loop  (the  somewhat  worse  energy  ratio  that  this  will  entail,  is  proba¬ 
bly  tolerable  given  the  lower  power  involved). 

The  overall  size  of  the  type  II  loop  may  be  estimated  in  3. 5x1. 5x1  metres. 

Of  course,  the  dimensions  indicated  in  these  two  examples  are  only  indicative,  and  are 
intended  to  serve  as  a  guide  in  finalizing  system  specifications. 

The  discharge  region  is  the  highest  velocity  part  of  the  loop  and  particular  care  must 
be  taken  to  design  it  in  such  a  way  to  achieve  good  aerodynamic  efficiency  (energy  ra¬ 
tio). 


Gasdynamic  and  electrical  proporties  must,  be  taken  into  account.  For  instance  particu¬ 
lar  care  must  be  taken  in  designing  a  high  velocity  region  without  protrusions,  sharp 
corners  and  sudden  cross-section  variations.  A  peculiar  and  important  aerodynamic  pro¬ 
blem  is  that  created  by  the  release  of  energy  from  the  discharge  itself.  The  perfor¬ 
mance  of  the  downstreem  diffuser  might  be  strongly  effected  by  such  a  behaviour  and 
even  the  energy  ratio  might  be  adversely  influenced. 
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The  perturbation  induced  in  the  gas  conditions  by  the  electric  discharge  has  been  ob 
served  in  the  past  to  effect  unfavourably  the  stability  of  subsequent  discharges.  Nu 
merical  simulations  could  be  set  up  co  study  the  evolution  of  this  perturbation  and 
the  recovery  of  uniformity. 

Experimental  tchniques  to  properly  assess  discharge  behaviour  by  means  of  optical  dia¬ 
gnostic  of  the  active  medium  with  holographic  interferometry  will  be  implemented  by 
groups  having  already  proven  experience. 

1 2 .  Gas  purification  and  material  compatibility  features 

Gas  purification  and  material  compatibility  are  essentially  engineering  problems  but 
not  less  important  ones.  Gas  purity  is  generally  achieved  by  means  of  criogenic  coo¬ 
ling  so  to  freeze  compounds  formed  in  the  discharge  region.  The  most  harmful  component 
for  the  discharge  region  are  nitrogen  oxides  from  residual  air  and  halides  from  rea 
ction  of  activated  halogen  atoms  with  the  container  walls.  Elimination  of  the  impuri 
ties  and  replenishment  of  the  consumed  halogen  donor  ( or  HCl)  can  increase  by  seve¬ 
ral  time  the  duration  of  a  gas  refill. 

Replenishment  of  the  halogen  donor  is  an  easy  operation  requiring  only  periodic  addi¬ 
tions  of  Fj_  or  HCl  and  does  not  require  further  discussion.  A  closed  loop  refrigera¬ 
ting  unit  will  be  the  best  solution  for  criogenic  cooling. 

From  the  specifications  of  the  EUREKA  excimer  laser  it  can  be  obtained  that  one  passa 
ge  through  the  trap  every  10  shots  requires  a  gas  flow  rate  of  the  order  of  3  1/s  for 
both  the  type  I  and  type  II  discharge  region  configuration.  Refrigeration  of  this 
quantity  of  gas  from  +50®to  -50®C  requires  a  ref r iuerat ing  power  of  between  400  and 
1000  kcal/h  depending  c^n  the  composition  and  pressure  of  the  laser  mixture. 

Material  compatibility  is  of  course  anctlier  important  engineering  problem. 

Most  common  metals  of  construction  are  self  passivatina  and  compatible  for  use  in  a 
pure  fluorine  environment.  All  metals  burn  in  pure  fluorine  if  heated  to  the  ignition 
temperature,  but  of  course  se If  ■  ign i t ion  is  inhibited  'n  a  mixture  -f  inert  gases  with 
a  low  fluorine  content  because  of  the  effect  of  thermal  conduction. 

Different  is  the  situation  in  the  presence  od  hydrofluoric  acid,  which  forms  complex 
compounds  leaving  the  surface  of  the  metal  exposed  to  further  corrosion. 

An  important  source  of  hydrofluoric  acid  is  water  imcuiity,  which  reacts  spontaneously 
with  fluorine  to  form  hydrofluoric  acid.  Mcisture  it-self  :an  also  react  with  the  pas¬ 
sivating  fluoride  film,  forming  complex  comp--unls  an  1  l--'-iv.n3  the  metal  surface  expo¬ 
sed  to  further  corrosion.  TTierefore  one  imperar  ;  v.-  i  -a-.-icn  *  be  taken  in  fluori¬ 
ne-handling  systems  is  to  eliminate  carefully  any  •;  i  ■«  ■  m  istute. 

Depending  on  the  composition  of  the  gas  used  differ  ■  er  ial  .s  are  available  the 

most  resistant  of  which  are  copper,  brass  and  stain. •-.-.s  creel  . 

Among  less  common  materials,  tantalum  displays  a  very  3:od  resistance  to  hydrochloric 
acid  but  is  rapidly  corroded  by  hydrofluoric  acid,  while  a  nickel  alloy  known  by  the 
commercial  name  of  hastelloy  shows  very  good  resistance  to  both  compounds. 

RESULTS  OF  THE  MARKET  STUDY 

A  market  study  has  been  commissioned  to  a  specialized  company  to  back  up  the  technical 
work  of  this  proposal. 

Presently  excimer  lasers  are  mainly  used  for  research.  Also  the  excimer  lasers  instal¬ 
led  for  industrial  material  processing  purposes  are  nearly  exclusively  used  in  application 
laboratories  for  process  development  and  application  studies.  The  same  is  true  for  medical 
excimer  lasers  which  are  presently  only  used  for  experimental  work. 

In  the  future  industrial,  medical  and  measurement  applications  are  to  be  expected. 
Especially  in  industrial  material  processing  high  power  excimer  lasers  (with  an  average 
power  in  excess  of  500  W)  are  expected  to  find  applications  as  well  as  low  power  excimer 
lasers . 

Table  10  shows  how  this  market  study  has  been  subdivided  in  application  sectors  to 
properly  assess  the  market  potentials.  We  do  not  report  here  the  complete  results  of  this 
market  study  which  is  a  proprietary  study  but  we  show  in  Table  11th  the  overall  result  of 
the  potential  accumulated  market  for  Europe  up  to  year  2000,  for  low  power  (less  than  500 
W)  and  high  power  (more  than  500  W)  excimer  lasers. 

The  results  of  this  study  are  indicative  of  to  day  know  how  and  dont  take  any  notice 
of  improvements  in  the  technologies  and  break,  through  which  are  likely  to  happen  in  the 
future  years. 

The  analysis  of  present  market  potential  shows  that  mainly  low  power  excimer  lasers  a- 
re  expected  to  be  needed.  In  addition  to  the  general  guidelines  of  low  price/power  ratio, 
high  reliability  and  up  time,  development  of  the  application  technology  and  systems  suited 
for  industrial  use  (which  is  extremely  important),  the  need  to  follow  specific  require¬ 
ments  are: 

1)  Good  shot  to  shot  repeatability  is  necessary  for  microelectronical  applications  (bet 
ter  than  2% ) . 

2)  A  uniform  beam  profile  is  important  for  microelectronical  applications. 

3)  Reduced  linewidth  (achieved  e.  g.  by  injection  loking)  is  important  to  overcome  the 
imaginq  difficulties  (it  is  very  difficult  to  develop  an  achromatic  lens  of  the  requi- 
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red  size  > . 

4)  An  up-time  of  95%  or  more  as  well  as  an  easy  to  maintain  construction  is  required  for 
an  integration  of  excimer  lasers  into  production  lines. 

5)  Lasers  with  long  pulse  length  are  needed  for  fibre  optical  beam  delivery  (i.e.  for 
medical  applications),  as  well  as  for  some  material  proce."^  ing  and  scientific  appli¬ 
cations  . 

6)  In  order  to  avoid  plasma  formation  when  strong  focusing  is  necessary  a  high  repetition 
is  to  be  prefered  to  a  high  peak  power  (e.g.  for  many  materials  processing  applica- 
t ions  ) 

CONCLUSIONES 


A  study  has  been  carried  out  within  the  frame  of  the  EUREiCA  organization  to  assess  the 
necessity  and  feasibility  of  a  high  power  excimer  laser  of  up  to  3  kW  output.  The  conclu 
sion  has  been  that  such  a  machine  is  feasible  but  that  is  worthwhile  concentrating  on  lo¬ 
wer  power  excimer  laser  (up  to  1  kW)  with  peculiar  beam  and  versatile  characteristics. 
This  is  the  basis  for  the  already  started  EUREKA  EU  213  HIPULSE  PROJECT. 
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EUREKA  OVERALL  PARTECIPANTS 


AUSTRIA 

LUEEMBCURG 

BELGIUM 

NORWAY 

CEE 

THE  NETHERLAND 

DENMARK 

PORTUGAL 

FRANCE 

UNITED  KINGDOM 

FINLAND 

SPAIN 

FRG 

SWEI'EN 

GREECE 

SWISS 

IRELAND 

TURKEY 

ITALY 

TABLE  1 


EUREKA  EUROLASER  SPINNED  OFF  PROJECTS 


CARBON  DIOXIDE 

EU  180.-  10  Kw  CARBON  DIOXIDE  LASER  AND  RELATED  SYSTEMS 

PARTICIPANTS 

BELGIUM,  AUSTRIA.  ITALY,  SPAIN 

INVESTMENT 

41.6  M.E.C.U. 

DEVELOPMENT  TIME 

5  YEARS 

EU  114.-  INDUSTRI.AL  APPLICATION  EVALUATION  FOR  HIGH  POWER  LASERS 

PARTICIPANTS 

AUSTRIA.  DENMARK.  FRANCE,  F.R.G..  IT.ALY ,  SPAIN,  U.K.,  GREECE 

INTERESTED 

BELGIUM 

INVESTMENT 

37."  M.E.C.U. 

DEVELOPMENT  TIME 

5  YFARS 

EXCIMER 

EU  205. -  HIGH  POWER  EXC: 

[MER  LASERS 

PARTICIPANTS 

FRANCE.  F.R.G..  NETHERLAND 

IN'.ESTMENT 

14,6  M.E.C.U.  FOR  30  MONTHS 

DEVELOPMENT  TIME 

8  YEARS 

EJ  213.-  HIPULSE  i HIGH 

■'OWER  ULTRJWIOLET  LASER  SOURCE) 

PARTICIPANTS 

IT.ALY.  NETHERLAND 

INTERESTED 

U.K. 

INVESTMENT 

10  M.E.C.U.  PLUS  OTHER  6  FROM  U.K. 

DEVELOPMENT  TIME 

4  YEARS 

SOLID  STATE 

EU  2  26.  HIGH  POWER  SOLID  ST.ATE  LASER 

PARTICIPANTS 

FRANCE,  F.R.G. 

INTERESTED 

ITALY,  U.K.,  THE  NETHERLAND,  SPAIN 

irn/ESTMENT 

10  M.E.C.U. 

DEVELOPMENT  TIME 

5  YEARS 

TABLE  2 
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ASER  ITALIAN 


WORKING  GROUP 


L.  OFFISINE  GALILEO  ■,  PERITO 

4  . 

IE'?  SALIMEFNI: 

ArPLTG.ATICN  STUDIES  ‘S 

C'ITA.AE,  lEO. 

PRErONIGATION  SYSTEM  II  'lE'j.  ENEA. 

G.ALILEO,  RT.^!.  ROME  I  .AND  II 

IRVIN 

-  MARKET  .AN.ALYSIS  EMEA. 

CISE: 

KINETI'C  CODES  AND  SIMUL.ATION  (ENEA.; 

■  DISCHARGE  REG.  DECI'GN  'lEO,  ENEA.  OFF. 
G.ALILEO) 

t.  OFFISINE  GALII.EO  (  BURLAM.ACCHI  ' 

NEW  SCHEMES  ^OFF.  GALILE;.  UNI'.’.  OF 

-  GENERAL  SYSTEM  DESIGN 
G.ALILEO.  ENEA) 

(lEO,  OFF. 

LECCE,  UNXV.  OF  E.ARI' 

-  SYSTEM  CONTROL  AMD  AUT 

OM.  (SOITAAB' 

C 

ENEA  •LETARDI' 

SAf’ETY  SYSTEM 

BEAM  MONITORirrC  AND  CONTROL 

-  ENGINEERING  ( CONTEK .  OFF. GALILEO) 

-  DIELECTRIC  COATINGS  !SELENIA.  OFF. 

G.ALILEO  1 

■  BEAM  OUALITY  AND  OPT.  CAV.  DESIGN 

3.  IRVIN  SY'STEM  :  FANTINl  J 

■OUANTY  SYSTEM.  UNiv.  OF  P.AVIA.  G.ALILEO. 

-  MATERI.AL  COMD.ATIE ILITY 

(SNIA  EPD) 

ENEA ) 

-  ENERGY  STORAGE  SYSTEM 

-  WAVELENGTH  SfllFT  .  IE'3  ! 

-  FREIONIZATION  SYSTEM  > 

IRIN.  ENEA.> 

ULTE.ASHORT  PULSES  •' UNIT.  OF  ROME  I.  ENEA' 

-  POWER  SUrPLIER'S  '.ELEN. 

IRVIN ) 

OPTIC.AL  COMPONE  AND  NON  LiriE.AR  OPT. 

-  SWITCHES  'lEO.  IRVIN: 

■G.ALILEO) 

-  PEGIRCUL.ATION  SYSTEM  ' 

ENEA.  SNIA-E.'^'D. 

lEO : 

-  COOLING  (SNIA-EFD) 

■  'IAS  PURITY  ':SNIA  EFD) 

LASER  SPECIFICATION 


LASER  POWER  P L  '  :  3  KW 
LTSCHARGE  POtiJER  ^  ISO  kW 
Ed  "  13  3 /LITRE 

TYPE  I  DISCHARGE  REGION  3:-:3:-:'30  cm 
GAS  SPEED  3.50  m/s 
PULSE  PEP.  RATE  3  Wlr  1  J/F 

TYPE  II  DISCHARGE  REGION  10x10x100  cm 
GAS  SPEED  100  m/s 
PULSE  REP.  R.ATE  30'-'  K-  lO  J/P 
G.AS;  Ne.  Ar  PRESSURE  3-5  bar 


TABLE  4 


KINETIC  ENERGY  FLOW  RATE 


TYL'E 

GAS 

PRESS. 

r-  F ' 

r(R)'ER-.e^ 

P'  R  M  ■ 

bar 

kW 

kW 

r 

Ue 

2 

j  00 

F'-O 

PO 

I 

N’S 

U 

^00 

I  -0 

I 

Ar 

*> 

1 

101 

i 

Ar 

C 

1  u  0 

0 

1 1 

fie 

2 

30 

iJ  ^ 

j.  j 

T  r 

C 

3 'JO 

:  ?o 

0 

11 

Ar 

i 

I  I 

Ar 

"Zr 

4  00 

0  "'■) 

DIoCHAF:GE 

REGION 

TYPE  I 


(ENERGY  RATIO  E 


•■'j  cm 
rf  vater 


AFT  R  I  MATE 
DIAMETER 


ABC OR RED 
rOl'IER 

00 'COO  Kw 


TYPE  II 


10  me  ■'3 


t  water 


TABLE  : 


10-30  Kw 


DICCHAP.GE 

REGION 


COMPRESSIBILITY  EFFECTS 


MACH  NUMBER 


CTAGMATIOt; 

OT  'C-  DF  'bat 


HEAT  EXCHANGER  SPECIFICATIONS 


DICCHAEGE 

■jAi::’ 

OPERATING 

FLOi-l 

TRANCFERRET' 

ESTIMATED 

REGION 

PRECCUKE 

I’.ATE 

HEAT 

FACE  Ar:EA 

TYPE  I 

Ne 

-  tnr 

irc.'H 

OT'  Kw 

.  1 2  me 

TYPE  I 

j  bar 

0  mr,'3 

'  0  0  K'w 

.  1 5  mq 

TYPE  I 

Ar 

2  tar 

0  me 3 

T’O  Kw 

.  O'O  mq 

TYPE  I 

Ar 

5  bar 

inc  /  s 

450  K-.-; 

.  2 1  mq 

TYPE  II 

Ne 

2  bar 

1 0  me  ■■  3 

16  5  Kw 

.  5  8  ma 

TYPE  II 

Ne 

0  bar 

i  ')  me  /  5 

100  Kw 

.  4  0  mq 

TYPE  II 

Ar 

2  t  a  r 

1 0  me .  3 
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lENERAL  LAYOUT  OF  THE  RECIRCULATION  SYSTEM  IN  THE  TYPE  1  CONFIGURATION. 

DISCHARGE  SECTION.  2:  4:1  DIFFUSER.  3:  STRAIGHT  DUCT.  4:  180 

I:  POSSIBLE  HEAT  EXCHANGER  LOCATION.  6:  35  CM-DIAMETER  FAN. 

.lOUND-TO  RECTANGULAR  ADAPTER.  9:  POSSIBLE  HEAT  EXCHANGER  LOCATION. 
11;  POSSIBLE  HEAT  EXCHANGER  LOCATION  OR  TURBULENCE-CONTROL  HONEYCOMB. 


SMOOTH  BEND. 

8:  FAN  DIFFUSER  AND 
10:  SECOND  BEND. 
12:  CONVERGENT. 


TABLE  9 


APPLICATION  SECTORS  AND  APPLICATIONS  OF  EXCIMER  LASERS 


APPLICATION  SECTOR 


APPLICATIONS 


MICROELECTRONICS 


PHOTO  CHEMISTRY 


MATERIAL  PROCESSING 


MEASUREMENT  AND  RESEARCH 


LITHOGRAPHY,  DIRECT  WRITING,  ANNEALING,  LASER 
ETCHING,  DOPING,  DEPOSITION,  LINK  BREAKING,  X-RAY 
GENERATION 

ISOTOPE  SEPARATION,  CHEMICAL  SYNTHESIS,  CATALY 
SIS,  POLYMERIZATION,  MATERIAL  PURIFICATION,  SIN 
TERABLE  POWDER  PRODUCTION,  PHOTODESTRUCTION  OF 
POLLUTANTS 

CUTTING,  DRILLING,  WELDING,  SURFACE  ALTERATION, 
ABLATION  AND  MICROSTRUCTURING,  METALLIZING  AND 
DRILLING  OF  PRINTED  CIRCUIT  BOARDS,  STRUCTURING 
OF  CERAMICS,  POLYMERS,  AND  COMPOUNDS,  MARKING 

DYE  LASER  PUMPING,  SPECTROSCOPY,  LIDAR  TECHNIQUES 


TABLE  10 


MMattKWaa 


(ACCUMULATED  MARKET  II«  UNITS) 


APPLICATION  SECTOR 

LOW  POWER  LASERS 

HIGH  POWER  LASERS 

(LESS  THAN  500  W) 

(MORE  THAN  500  W) 

MICROELECTRONICS 

PESSIMISTIC 

100 

0 

MOST  LIKELY 

1000 

0 

OPTIMISTIC 

4000 

250 

PHOTO  CHEMISTRY 

PESSIMISTIC 

0 

MOST  LIKELY 

120 

OPTIMISTIC 

700 

CUTTING,  DRILLING, 
WELDING,  MARKING, 

SURFACE  ALTERATION 

PESSIMISTIC 

45 

15 

MOST  LIKELY 

130 

130 

OPTIMISTIC 

630 

540 

MEASURMENT  AND 

RESEARCH 

PESSIMISTIC 

1500 

10 

MOST  LIKELY 

2500 

20 

OPTIMISTIC 

3500 

50 

TOTAL 

PESSIMISTIC 

1645 

25 

MOST  LIKELY 

3630 

270 

OPTIMISTIC 

8130 

1540 

TABLE  11 
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High  Power  Excimer-Laser 
H.-J.  Cirkel 


Siemens  AG,  HammerbacherstraBe  12  +  14,  D-8520  Erlangen 
Fed.  Rep.  Germany 


Abstract 


For  excitation  of  high  power  excimer  lasers  a  pulse  forming  network:  (PFN)  has  been  developed 
which  is  made  up  of  a  large  number  of  paralleled  waterline  capacitors  arranged  normal  to 
the  optical  axis  of  the  laser.  An  elongated  x-ray  gun  employing  a  hollow  cathode  preionizes 
the  laser  of  45  cm  gain  length.  Up  to  4  J  optical  energy  have  been  measured  at  308  nm . 
Between  1  J  and  2.5  J  the  laser  emits  at  other  known  rare  gas-halides  wavelengths  for  a 
lower  stored  energy  in  the  PFN.  With  an  injection  locked  amplifier  low  divergence  operation 
has  been  achieved.  The  results  of  a  20  channel  pseudo  spark  switch  are  presented  and  show 
a  current  rise  of  2.6-10^2ft/3  pQf.  iqq  peak  current. 

Introduction 


For  advanced  industrial  applications  in  the  fields  of  material  processing,  photochemistry 
and  especially  laser  isotope  separation,  high  power  excimer  lasers  are  of  special  interest. 
Consequently  the  Kraftwerk  Union  group  of  the  Siemens  Corporation  started  a  development 
program . 


System  description 

Figure  1  shows  the  components  of  a  high  power  excimer  laser.  At  about  5  cm  distance  the 
laser  head  houses  the  elongated  electrodes,  the  grounded  one  of  which  is  transparent  to 
the  x-rays  for  preionization.  The  pulse  forming  network  made  up  of  low  inductance  water¬ 
line  capacitors  stores  the  electrical  energy,  which  is  transferred  to  the  laser  after 
closing  the  switch  S.  The  charging  unit  connected  with  the  public  grid  provides  the  elec- 
tric=''  energy  for  the  laser.  For  high  rep  rate  operation  a  flow  loop  composed  of  blower, 
cooler  and  gas  processor  produces  a  homogeneous  gas  flow  through  tne  laser  head  transverse 
to  the  optical  axis. 

The  aerodynamically  designed  bars  of  the  laser  head  (fig. 2)  bear  a  shielding  to  prevent 
against  sliding  sparks  and  the  current  returns  from  the  grounded  electrode  to  the  pulse 
forming  network  (PFN),  consisting  of  many  paralleled  waterline  cpacltors.  These  stripline 
capacitors  are  stacked  along  the  optical  axis  and  use  deionized  water  as  a  dielectric 
because  of  its  high  dielectric  strength  of  more  than  100  kV/cm,  high  dielectric  constant 
of  about  80  and  its  good  cooling  properties.  A  variety  of  low  Inductance  switches  such  as 
spark  gaps,  rail  gaps,  thyratrons  or  pseudo  sparks  can  be  used  with  this  type  of  PFN. 

The  PFN  composed  of  paralleled  waterline  capacitors  of  neglegible  electrical  length,  is 
formed  by  stainless  steel  plates  immersed  in  deionized  water  and  arranged  vertically  to 
the  optical  axis  of  the  laser  Different  circuits  of  the  PFN  can  easily  be  realized  by 
connecting  the  plates  with  the  different  electrodes  E-],  £3  of  the  laser  head  K  and  the 
switch  S.  By  choosing  only  current  compensated  geometries  for  the  plates,  all  the  inductance 
of  the  excitation  circuit  has  to  be  located  in  the  laser  head  with  its  current  returns. 

The  LC-inversion  circuit  (fig.  3a)  allows  doubling  of  the  charging  voltage  across  the 
laser  electrodes.  The  smallest  unit  representing  this  circuit  is  shown  in  fig  3b.  Many  of 
this  unit  are  paralleled  in  the  PFN.  The  charge  transfer  circuit  (fig.  4a)  is  also  in 
widespread  use  for  excitation  of  excimer  lasers.  By  changing  the  plate  area  and/or  the 
thickness  of  the  dielectric,  the  capacitance  ratio  Cl/Ck  can  be  varied  (fig.  4b).  so  that 
the  measurable  peak  voltage  across  the  laser  electrodes  is  between  one  and  two  times  the 
charging  voltage  of  the  PFN.  The  ICT-circuit  represents  a  combination  of  the  above  mentioned 
circuits  (fig.  5).  The  achievable  voltage  across  the  laser  electrodes  depends  on  the 
capacitance  ratios  and  is  between  one  and  two  times  the  charging  voltage  of  the  PFN. 

Because  of  the  properties  of  the  water  dielectric  pulse  charging  via  a  solid  state  capaci¬ 
tor  Cz  and  a  switch  Sp  is  required  (fig.  6).  The  electronic  control  of  the  laser  triggers 
the  charging  unit  and  the  switch  Sp .  After  the  energy  transfer  from  the  capacitor  Cg  co 
the  waterline  capacitors  the  switch  S  is  activated.  In  case  of  two  thyratrons  EGG  HY  5202 
or  EEV  CX  1625  being  paralleled  for  the  .switch,  both  tubes  have  to  be  synchronized  actively 
within  jf  1  ns.  During  the  voltage  rise  across  the  laser  electrodes  the  control  unit  fires 
the  x-ray  pulse  of  about  50  ns  halfwidth  for  preionization  of  the  laser  gas. 
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X-ray  preionizer 

The  required  100  kV  voltage  pulse  for  the  x-ray  gun  is  generated  by  a  pulse  trans former 
of  which  the  primary  windings  are  the  load  of  a  pulse  generator  {fig.  7).  Substitutinr  the 
x-ray  gun  by  a  50  Ohm  or  ’OC  unm  resistive  load,  the  characteristics  of  the  pulse  transfor 
mer  are  recorded  (fig.  8).  This  type  ot  transformer,  which  can  reliably  be  run  at  repetit¬ 
ion  rates  up  to  several  hundred  Hertz,  is  characterized  by  a  very  low  stray  inductance  and 
a  coupling  of  more  than  99,9  %■  Because  of  the  problems  associated  with  field  emission 
cathodes  we  have  developed  an  x-ray  preionization  unit  employing  a  hollow  cathode. 

The  hollow  cathode  turns  out  to  be  superior  to  the  cold  or  field  emission  cathode  (fi.r.9i. 
Progressing  in  time  the  x-ray  gun  with  field  emission  cathode  shows  a  degradation  of  its 
emission  caused  by  a  melting  and  a  concomitant  sputtering  from  the  thin  cathode.  Employing 
the  hollow  cathode  no  decline  in  x-ray  intensity  is  observed  even  after  several  million 
shots  and  at  repetition  rates  up  to  several  hundred  Hertz.  A  very  stable  and  homogeneous 
x-ray  distribution  along  the  optical  axis  of  the  laser  is  measured  for  this  type  of  preion 
i  zer . 


Results 


The  laser  itself  has  been  operated  at  low  repetition  rates  with  a  gain  length  of  45  cm.  and 
an  electrode  gap  of  53  mm.  Neon  at  5  bar  is  used  for  buffer  gas  with  0.5  %  to  1  %  Xe  and 
about  0.1  %  to  0.2  %  HCl  and  an  addition  of  0.02  %  H^.  The  inductance  of  the  excitation 
loop  is  measured  at  about  10  nH .  According  to  the  burn  pattern  of  the  laser  pulse  the  dis¬ 
charge  width  depending  on  the  stored  energy  in  the  PFN  varies  between  40  ram  and  53  mm.  The 
optical  pulse  Popt  (fig-  10a)  of  nearly  60  ns  halfwidth  extends  about  10  ns  beyond  the 
exciting  current  pulse.  After  closing  the  switch  the  voltage  Ug  across  the  laser  electrode 
rises  for  about  200  ns  until  gas  breakdown  occurs  and  the  laser  current  II  starts  to  pump 
the  laser  (fig.  10  b).  In  the  computer  plot  (fig.  10  c)  the  measured  voltage  is  corrected 
for  the  Inductive  voltage  drop  in  the  excitation  circuit  of  the  discharge.  Immediately 
after  gas  breakdown  a  constant  voltage  of  about  100  ns  duration  is  established  feeding  the 
high  pressure  glow  discharge  at  characteristic  E/P  values.  The  resistance  of  the  gas  dis¬ 
charge  collapses  to  0.15  Ohm  (fig.  10  d)  oriven  by  an  excitation  circuit  of  0.28  Ohm 
characteristic  impedance.  Between  70  %  and  80  %  of  the  total  energy  dissipated  in  the  dis¬ 
charge  is  injected  into  the  laser  gas  during  the  first  current  peak. 

In  the  leading  edge  of  the  voltage  pulse  Ul  (fig.  10b)  the  laser  has  to  be  preionized  by 
the  x-ray  pulse  of  sufficient  intensity.  About  110  ns  prior  to  the  breakdown  time  (fig. 11) 
which  remains  nearly  constant  during  the  experiments  at  about  l80  ns  after  start  of  the 
voltage  rise  across  the  laser  electrodes,  the  laser  has  to  be  preionized  for  optimum  per¬ 
formance  during  a  time  window  of  about  50  ns  duration.  Under  these  conditions  the  laser 
pulse  of  about  2.7  J  shows  an  energy  stability  of  1.5  %,  whereas  at  too  late  a  timing  the 
strong  fluctuating  pulse  energy  drops  dramatically  associated  with  a  very  poor  discharge 
quality.  Premature  preionization  leads  also  to  an  unstable  discharge  of  low  energy  output. 
The  performance  of  the  laser  also  greatly  depends  upon  the  properties  of  the  PFN. 

By  the  above  described  system  output  energies  at  low  rep  rate  operation  between  2.5  J  and 
4  J  are  achieved  at  efficiencies  ranging  from  2.5  %  to  3  %•  At  E/P  values  of  540  V/cm  bar 
-  slightly  dependent  on  the  gas  mix  -  the  high  pressure  glow  discharge  phase  of  the  XeCl- 
laser  is  established  at  current  densities  of  410  A/cm^ .  The  optical  energy  density  varies 
between  2.2  J/1  and  3-1  J/1. 

In  addition  to  the  XeCl  mode  this  laser  has  been  successfully  operated  at  other  excimer 
wavelengths.  For  KrF  the  x-ray  p re  ionizer  of  50  ns  to  80  ns  pulse  width  has  to  be  timed 
within  80  ns  (fig.  12).  At  a  charging  voltage  of  29  kV  and  about  110  J  stored  energy  3-1  J 
have  been  measured  for  the  XeCl- laser  employing  a  plane -plane  resonator  of  5  %  output  mir¬ 
ror  reflectivity  (fig.  13) •  The  somewhat  less  efficient  KrF-laser  peaks  for  30  %  output 
mirror  reflectivity  at  2.5  J.  Remarkable  1.5  J  for  the  XeF-laser  are  achieved  and  in  the 
ArF-  and  KrCl-mode  the  laser  still  emits  0.95  Joule.  For  bufferpas  ail  different  lasers 
use  Neon.  The  maximum  pulse  length  of  about  50  ns  has  been  achieved  by  the  KrF-la.ser 
(2.9  bar  Ne,  n.l  %  F^.  2.6  %  Kr)  compared  to  about  40  ns  of  the  XeCl-  (4.75  bar  Ne )  and 
XeF-laser  (4.0  bar  Ne ,  0.1  %  F^ .  0.25  7c  Xe).  For  the  KrCl-  (4.0  bar  Ne,  0.05  %  HCl.  37  Kr) 
and  ArF-laser  (4.0  bar  Ne,  0.05  %  F^,  4  %  Ar)  the  pulse  length  drops  to  about  30  ns. 

Injection  locked  amplifier 

Employing  a  plane-plane  resonator  the  divergence  of  the  laser  is  measured  at  several  mrad. 
To  improve  the  beam  quality  a  combination  of  an  osziiiator  and  amplifier  ’  is  used 
(fig.  14).  With  an  unstable  resonator  of  magnification  8  the  oszill.ator  .starts  emittini'  at 
some  mrad,  narrows  after  several  roundtrips  to  some  100  prad .  until  in  the  trailing  edge  a 
divergence  of  le.ss  than  100  prad  -  about  two  to  three  times  the  diffraction  limit  - 
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is  finally  reached.  Pv  a  frorei'  timinr  of  trie  'c:- o  i  1  .  a  ’  d  r 
laser  lirht  of  h  i  rh  o;  t  ;  ca  i  >iuaLity  can  be  a;;;;  .iflfni.  sr 
system  has  from  the  be,' i  tin  i  nr  a  .juperi''r-  r't'tica,  luaiity 
extraction  efi'ioiency  of  tne  arnp  i  i  f  1  i-r  i  :■  raired  'ind  tr.c 

Hit'h  renetitlon  rate  cr.erat  Lon  o!'  the 


The  hirh  rep-rate  operation  of  exc  i  mer- 1  aser  is  of  special  interesc  to-  't.anv  a;;  .  r'lii  tis. 
At  an  eneri'y  per  pulse  of  about  ?  .1  ttie  laser  .system  is  de;-.  i  ■ri-’d  i'  .r  at  sit  .to''  iV'-o  ast. 
power  at  100  H.t  repetition  r.ate.  In  first  pi  e  1  i  mi  nary  exr  er  i  men  t.s  iri'l:  s  • 

308  nm  are  achieved.  To  analyse  ttie  behavior  of  the  systeti  at  tiirrio:  re;  sat.e.-  •■■sot.- 
Zehnder  interferometer  has  been  installed  '.fir  16;.  Py  a  tramins  ■'■atsesa  t  iis  r-v  01*  .  t: 
the  disctiar.-te  and  the  i  rihomostene  L  t  i  es  of  the  ."as  caus.ed  by  thd  et.erry  :u.";;  sf  t;:;.. 
ation  pulse  are  recorded  at  hirh  time  resolution,  rocfore  'as  •■.•esydcwn  f . .  1  i’  s  ts-.j 

undisturbed  pattern  with  a  frinipe  distance  rorre.spond  i  .nr  to  A  f  '  =  1.8  '  lO't  is  - 

served.  At  the  rise  of  the  laser  current  the  frin.-'e.-i  are  rcrUiarr,'  tcn^  i  rid  i  ca  t  i  ns  a  1  s.,..- 

reneous  electron  density  between  2  and  ■  -  10^'^’  nor  cm'.  In  trii  -  I'i'-.d  near.v  vet- .  n  '  t  s... 
whole  picture,  the  excimer  molecules,  are  created  by  tlie  :ii.''tL  ;■  .■••.■s.ai  r.-.  ;  rv;  iis'ssar  c. 
side  this  re.-’ion  50  ns,  to  100  ns  after  breakdown  a  sma  i  1  -and  '"''■.ns  t,  r  i  s  t  ed  arc-,  -s  t.  ;  n 

electron  density  gradually  emerges.  This  time  cor’re  I  nte:-  w;i;h  the  i-eri  nr,  i  , nr  sf  tine  .■•'■.•essr 

current  in  the  la.ser  discharre.  Prorressinr  in  time  the  interferometer  revr-ais  1  vr'r',' 
rapid  enerfjy  transfer  to  the  laser  tyas  from  the  eiertrons  contained  in  Inis  na  r' r-r  v.'  niP:-:.. 
A  very  turbulent  zone  with  distinct  boundaries  arises,  expar.ds.  at  the  x.o  ;  it’  souts:  ansi 
covers  the  entire  cro.ss  section  after  more  than  20  p.-r .  Outside  t  f.,e  prirtiar;.  sr.ai;  rosi'-p,  .■< 
regular  shaped  compression  wave  and  the  concomitant  w.ave  of  lower  pressure  -  *  tie  t  ar'e- 
faction  wave  -  develops  within  10  ps .  This  wave  of  1  irisS'.er  density  ttiar;  trie  s.urrovin  i  i  n,- 
.cas  is  built  up  by  therma  1  ization  of  the  energy  contained  in  the  hirh  pre.ssure  now  dis¬ 
charre  and  causes  an  adiabatic  pressure  rise  of  85  rnb-ar  and  a  temperature  rise  of  2  5.  it, 
a  static  ras  all  kind  of  waves  oririnatinr  from  the  short  discharre  are  dampied  within 
rourhiy  1  s.  After  this  pe.ciod  the  ne.xt  dischar.-e  can  be  fired  without  any  loss  in  ottica: 
pulse  ener/'v. 

From  these  experiments  a  necessary  condition  for  hirh  rep-rate  operation  has  been  de.luced. 
For  optimum  efficiency  the  density  fluctuations  within  the  Laser  ras  mu.st  be  kep't  we ;  1 
besow  0.1  %  before  the  next  discharge  can  be  ignited.  This  condition  p'xjse.s  strinrent 
requirements  on  the  PFN,  the  laser  head  and  the  flow  loop  design. 

Multi  channel  pseudo  spark  switch 

Besides  hi,gh  rep-rate  operation  a  high  enerp-y  per  pui.se  is  also  required  for  hit^ii  avera.'e 
power  excimer  lasers.  The  A  j  laser  mentioned  before  h.as  a  haifwidtri  of  about  50  ns  and  is 
excited  by  a  peak  current  of  about  100  kA  (fig.  I8a).  Two  thyratrons  workinc  at  .i;  xV  are 
used  for  the  switch  in  the  PFN,  wired  as  LC-inversion  circuit.  The  peak  current  in  forward 
direction  for  one  thyratron  is  measured  at  about  2i4.5  kA  (fi.i';.  I8b):  the  peax  reverse 

current  amounts  to  8.5  kA.  Besides  these  values  a  severe  ringini"  stresses  al.'to  the  thyr-i- 
trons  used  in  the  4  J  laser.  Within  the  rated  .specifications  the  thyratrons  are  ope’-’ated 
for  a  2  J  laser. 

A  new  switching  element  based  upon  the  pseudo  spark  provides  a  soiutior,  to  iiUther  peak 
and  reverse  currents.  The  pseudo  spark  i.s  a  low  (..ressure  ga .,  dischar.i'e  worxLnr  on  the  left 
branch  of  the  Paschen  curve.  By  an  insulator  both  electrodes  are  kept  in  a  distance  mucii 
.''mailer,  so  that  an  avalanche  discharge  bridgin.g  both  electrodes  on  the  shortest  path 
cannot  develop  (fig.  19).  Whereas  electrons  traveling  in  the  ay.is  of  the  faciiii'  holes  in 

the  electrodes  can  ionize  the  gas  and  thereby  short  the  .gap. 

Based  upon  this  concept  a  new  switching  etement  ^  has  been  developed  ifii-.  20,i.  After 
triggering  the  device  electrons  from  the  hollow  cathode  discharge  are  injected  into  the 
axial  fieJd  between  the  cathode  and  anode  of  the  switch  and  .ac'e !  era  ted  in  the  hi.-nh  field. 

In  the  backspace  of  the  anode  high  energy  electrons  are  colJectert  on  the  surface  of  .a 

.metallic  cup.  The  pseudo  spark  switch  is  characterized  by  a  very  compact  desi.-'n  at  1  a 
commutation  phase  of  ies.s  than  1  ns:  both  prerequi s. i te.s  for  a  low  inductance  switch.  Ety 
the  hollow  cathode  structure  lifet’me  limiting  erosion  processes  on  tlie  electrodes  are 
avoided.  Also  larre  reverse  currents  do  not  cause  any  harm  to  t.he  .swiico,.  in  3  rotationa. 
symmetric  geometry  a  direct  replacement  of  tE'ie  thyratron  by  the  t-tteudo  sicarx  is  a  i  b  i  c  . 

For  use  in  high  cower  excimer  lasers  a  c.  eudo  scark  switch  comnosed  of  s.evcral  ps-eudo 
.•■,pa'’k.s  in  parallel  '  i.".  of  special  interest  (fig.  21;.  TE  device  res  cmi’ .  c.-  .a  ra  i  .  ga:' 
switch  but  avoids  its  technical  drawhaews . 
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A  20  channel  pneudo  .'.pa:',<  nwitc!i 
has  been  tested  at  a  hold  ofi'  volt¬ 
age  of  35  5V  and  the  pea,<  '"urT-etii, 
was  measured  at  about  100  kA  oivin.- 
a  d i  / d t  of  2.0  •  10^2  :  t. a J  e  >  . 

The  on  resis.tnn"e  of  the  device  is 
smaller  than  10  mOdim  and  the  induc¬ 
tance  smaller  than  5  nil.  Limited  by 
the  power  supiilies  the  switch  has. 
been  o;erated  in  a  test  bc!ioh  it 
40  Hh  withoiit  any  degradation  and 
damage.  In  otiier  e.';  ne  r  i  men  t  s  the 
multichannel  pseudo  spark  success¬ 
fully  replaced  the  thyratron.s  i  r:  a 
lasei'  sy.stem  errif  '  ng  the  same  pulse 
ener.gles  for  a  XeCl-iaser  from  3.1  .i 
to  3-5  .j  . 


sgg  voit- . 

peaw  current : 

d  1 
TTt  ■ 


current  r'irte: 
.-ever.se  cur'retit; 
on  res  i  s  t  a  !;ce  : 
i  n  d  u  c  t  a  n  c  e  : 

3  !  ■  ter' : 

*  limited  by  [’Fh 


10  m  ei- 

h  rdl 
1.5  n :  ■ 


Table;  Pa  r-a.met  er.s  of  a  p's  on;; 
.swi  toh 


Cone  1  U.S  i  on;:. 


From  our-  result;;  we  ar'e  confident,  that  reliable  e.xcirrer  lasers  if  much  iii-sher  average 
.owe;’  will  become  feasible  and  would  be  an  useful  too  i  in  indu.str'ial  a  pn;;  1  i  ca  t  i  on . 
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G  20  ns 

FWHM  :  45  50  ns 

4,0  J 


Fig.  18:  4  J  XeCI-laser  pulse 

a)  laser  current  II  and  optical 
pulse  Popt 

b)  thyratron  current 
laser  voltage  Up 


Fig.  19:  Scheme  of  a  pseudo  spark  discharge 


after  K. Frank  et  al  SPIE  Vol.  735  (7*1  -  81) 


Fig.  20:  Pseudo  spark  switch 
design 


ooooooooo 


o 


Fig.  21:  Multi  channel  pseudo  spark  switch 
(longitudinal  section) 


after  Hechterahelaer,  Kohler  J.  Phys-  E  20  (7907)  270 
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Abstract 

The  small  signal  gain  and  absorption  coefficients  of  a  high  uniformity.  X-ray  preionized 
Xe-Ci’  laser  have  been  measured.  Their  time  evolution  and  wavelength  dependence  have  been 
simultaneously  detected  with  high  resolution. 

Two  distinct  estimates  of  the  saturation  intensity  were  obtained  by  means  of  a  Rigrod-type 
analysis  of  the  intracavity  intensity  and  by  using  saturated  gain  measurements. 

I.  Introduction 

We  present  the  results  of  a  detailed  experimental  study  of  the  gain  characteristics  of  a 
high  uniformity.  X-ray  preionized,  self  sustained  discharge  Xe-C^  laser,  entirely  realized  at 
the  ENEA  center  of  Frascati. 

The  laser  system,  described  in  Ref.  1,2,3  consists  of  a  laser  cell  with  an  active  volume 
of  about  1  liter  (dimensions  3,5x3,5x80  cm^),  filled  with  a  gas  mixture  of  HC^/Xe/Ne 
(1:6,7:2019)  at  a  total  pressure  of  4  atm.  The  active  medium  is  uniformly  preionized  by  X- 
rays  using  a  3  kA,  50  ns  pulsed  plasma  cathode  and  a  resonantly  charged  tungsten  target 
anode . 

In  order  to  gain  a  deeper  insight  into  the  physical  characteristics  of  this  device,  the 
time  and  spectral  dependence  of  the  small  signal  gain  and  absorption  coefficients  together 
with  the  saturation  intensity  have  been  investigated.  Due  to  the  intrinsic  nonsaturable 
absorption,  the  extraction  efficiency  of  excimer  lasers  depends  on  the  parameters  and 
y=g  /a,  where  g^  is  the  small  signal  gain  coefficient,  o  is  the  non-saturable  absorption 
coefficient  and  is  the  active  medium  length.  It  is  therefore  necessary  to  know  the  temporal 
evolution  of  these  parameters  in  order  to  predict  and  to  optimize  the  performance  of  any  Rare 
Gas  Halide  laser. 

The  time  and  spectrally  resolved  gain  and  absoption  measurements  were  performed  using  the 
frequency  doubled  output  of  a  long  pulse,  f las.n-pumped  dye  laser  to  probe  the  active  medium 
in  the  wavelength  range  around  the  main  laser  transition  lines.  Thus  the  high  resolution 
(JA  =  0,5  A)  spectral  profile  of  the  gain  and  the  time  evolution  (resolution  JT  =  5  ns)  of 
both  the  gain  on  the  four  B-X  transitions  and  the  absorption  coefficients  have  been  obtained. 

Finally,  two  different  measurements  were  performed  to  obtain  an  estimate  of  the  saturation 
intensity.  Both  make  use  of  a  Rigrod  analysis  of  the  intracavity  intensity  at  different 
reflectivities  of  the  output  coupler,  but  with  the  difference  that  in  the  first  measurement 
the  saturation  intensity  was  calculated  directly  from  the  measured  output  intensity  by 
solving  the  resulting  transcendental  equation,  while  in  the  second  measurement  the  saturation 
intensity  was  obtained  from  the  mean  intracavity  intensity  and  the  measured  gain  of  a  probe 
beam. 

Most  of  the  measurements  of  g.  and  a  were  performed  at  an  energy  deposition  rate  of  200 
kW/cm^,  but  some  were  done  at  250  kW/cm^  and  350  kW/cm^.  These  pumping  rate  density  values 
were  obtained  from  a  numerical  simulation  of  the  discharge  circuit  and  checked  by  means  of  a 
more  direct  method  which  uses  the  pressure  jump  in  the  laser  cell  during  discharge  .  All 
measurements  of  the  saturation  intensity  refer  to  an  energy  deposition  rate  of  350  kW/cm^. 

The  paper  is  organized  as  follows:  in  sect  II  we  describe  the  experimental  setup  and  give 
the  results  relative  to  the  absorption  and  gain  coefficient  measuremerits ,  while  sect  III  is 
devoted  to  the  measurements  of  the  saturation  intensity.  Final  conclusions  are  drawn  in  sect 
IV. 


*  ENEA  Guest 

*  *  On  leave  from  Shanghai  Institute  of  Optics  and  Fine  Mechanics  and  ENEA  Guest 


II.  Measurement  cf  :.")f  Aosorptior.  Cce:  :  : :  e:' •  anq  ;_ne S-Tial.  S-qr..;.  C  c  e  f  :  r  c :  e  n : 

Experimental  Setup 

The  intensity  Ij  oz  a  probe  laser  bear  a:  the  exit  of  an  arpL.fyino  mecrurr  can  r^e 
expressed  in  terms  c:  tne  input  intensity  Ij  r-y 

expf  (\  ( 1  ) 

where  is  a  function  of  both  the  wavelength  and  time,  while  a  is  supposed  tc  be  only  tirr.e 
dependent  in  the  operating  wavelength  regicn:  b  is  the  active  medium  length.  The  expression 
(1)  holds  only  for  steady  state  amplification  and  if  the  condition  for  the  probe  beam, 
intensity 

1(2)  <<I^,  0Sz<<’  (2) 

is  satisfied.  The  saturation  intensity  is  a  cha ract er i s t ic  parameter  of  the  active  medium 
and  in  our  case  was  of  the  order  of  1  .MW/cm^.  Before  every  set  of  measurements,  the 
fulfillment  of  condition  (2)  was  checxed  through  the  linearity  of  I2  versus  Ij. 

The  experimental  setup  is  drawn  in  Fig.  1.  The  Phase-R  DL  1100  flash-pumped  dye  laser  used 
in  the  experiment  has  a  pulse  duration  which  can  range  from  100  to  250  ns,  by  changing  the 
net  gain  of  the  active  medium. 

The  small  signal  gain  coefficient  has  beer,  measured  in  the  wavelength  interval  3075  A  - 
3085  A,  while  the  absorption  coefficient  h.as  been  measured  only  for  1  >  3085  A.  As  a  matter 
of  fact,  for  wavelengths  shorter  than  the  emission  peak  (.1  <  3080  A),  there  is  a  long 
fluorescence  tail  primarily  due  to  transitions  originating  from  >  1  vibrational  levels 
in  the  B  electronic  state,  which  do  not  permit  absorption  measurement. 

The  maximum  output  energy  ranged  from  0.5  to  2.0  mJ ,  depending  on  the  operating 
wavelength.  After  the  spatial  filter  PI  (see  Fig.  1),  a  collimated  laser  beam  with  a  4  mm 
spot  diameter  was  available  for  the  measurements.  The  probe  laser  beam  power  and  wavelength 
were  monitored  by  means  of  an  ITT  FW114A  photodiode  and  an  optical  spectrum  analyzer  (OSA) 
respectively.  The  OSA  was  used  in  conjunction  with  a  0,75  m  spectrometer  with  a  3600  rows/mm 
grating,  (overall  spectral  resolution:  A(=0.12  A)  and  an  optical  fiber  allowed  the  beam 
handling  (see  Fig.  1).  Neutral  density  filters  were  inserted  at  the  entrance  of  the  Xe-Cb 
medium  in  order  to  limit  the  probe  beam  intensity  and  thus  ensuring  the  gain  linearity.  An 
optical  filtering  system  behind  the  Xe-Cb  target,  composed  of  a  lens  and  a  pinhole, 
increased  the  signal  to  noise  ratio,  where  the  background  noise  derived  essentially  from  the 
Xe-Cb  fluorescence.  Finally  the  amplified  beam  was  monitored  by  means  of  a  second  ITT 
photodiode  after  attenuation  to  ensure  that  the  detector  working  point  was  far  away  from 
saturation. 

The  Absorption  Coefficient  a 

The  measured  time  dependence  of  the  absorption  coefficient  for  two  different  wavelengths 
.(=  3125  A  and  3140  A  is  reported  in  Figs  2  and  3  respectively. 

The  first  was  chosen  because  of  the  expected  negligible  gain  at  this  wavelength  Corkum 
and  Taylor  ^  assume  that  the  absorption  coefficients  at  these  values  and  at  308  nm  are  the 
same  due  to  the  broad  band  absorption  spectra  of  the  species  (e.g.  Xe'''2  ,  Cb",  Xe2Cb,  Ne**) 
which  are  thought  to  be  important  in  the  Ne  based  XeCb  laser  mixture  during  discharge  ®. 
In  the  following  we  will  use  the  measurement  results  on  wavelength  .(=312,5  nm. 

There  is  about  10%  difference  between  the  absorption  curves  on  312,5  nm  and  314,0  nm,  as  can 


Fig.l  Experimental  layout  for  small  signal 
gain  and  absorption  coefficients 
measurement,  where 

focal  length  =  20  cm 

L2  focal  length  =  15  cm 

Lj  focal  length  =  10  cm 

focal  length  =  15  cm 

Pj  =pinhole  0  =  4  mm 
P2  =pinhole  0  =  0.5  mm 
PD  =  photodiode 
OF  =  optical  fiber 
BS =  beam  splitter 
F  =  UGll  Schott  filter 
NF =  neutral  density  filters 
A  =  aperture 
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L‘e  seen  troT,  the  to, wr.ich  seer.s  tt  cor.ltrir  the  Drc.ac  banc  atjsorptto:.  t-.i.'.ri;  t  r.e  laser 
transit  ion  1 1 nes . 

A  time  interval  aooot  500  ns  was  covered  varying  the  delay  t'etwee!'.  t  ne  discharge 
breakdown  and  the  p:  ^be  poise.  No  larger  t,^mes  were  considered  because  It  r.as  been  observec 
that  the  measurements  would  be  seriously  disturbed  because  of  the  fo'rmation  of 
inhomogeneities  in  the  refractive  index  of  the  mixture  after  about  5D0  ns,  corresponding  to 
the  base  width  duratio.n  of  the  current  pulse 

As  a  result  of  these  measurements,  we  calculated  a  peak  value  of  the  absorption 
coefficient  o  =  0,2"  m  0,01%  cw.  at  wavelength  i  =  312,5  nm  and  with  a  power  deposition  rate 
of  200  kW  cm^. 

.As  evident  from  the  Figs  (2,3)  the  absorption  reaches  a  maximum  value  after  the  peak  power 
deposition,  in  a  similar  way  as  in  previously  published  absorption  measurements  using  e-beami 
excitation  ^  and  UV  preionization  both  at  a  much  higher  power  deposition  level  {'  3  GW/i’). 
In  particular,  the  two-com.ponent  behavior  of  the  absorption  may  be  due,  according  to  Ref.  7, 
to  Xe’*',  in  the  high  E,  P  region  and  to  Xe'j  in  the  afterglow.  This  conjecture  is  supported  by 
the  different  formation  onset  times  of  the  two  mentioned  species 

The  Sm.all  Signal  Ga i n__Co_ef  f  i c lent  g^ 

Figures  4  and  5  show  the  .measureTnent  results  of  the  time  behavior  after  the  discharge  of 
the  net  gain  coefficient  g^  -  n  for  two  different  wavelengths  corresponding  to  the  two  main 
laser  transition  lines,  at  a  pumping  rate  deposition  of  200  kW/cm^.  A  maximum  value  of  g^^  = 
4.7%/cm  was  obtained  for  ,t  =  3079. 6  A  (corresponding  to  the  main  laser  transition  line)  and 
for  a  delay  time  of  about  230  ns.  Using  the  measured  peak  value  of  the  absorption 
coefficient,  calculate  a  gain  to  loss  ratio  g^/a  -  18+1  at  the  peak  of  the  gain. 

The  gain  and  absorption  coefficients  measurement  was  repeated  at  an  higher  pumping  rate 
density  of  250  kW/cm^,  in  order  to  check  the  pumping  dependence  of  the  coefficient  )  =  g^/a. 
Figure  6  and  7  show  the  time  histories  of  the  small  signal  gain  at  the  main  transition  Tine 
and  of  the  absorption  coefficient  at  .i=3125  A  respectively.  Both  time  behaviors  resemble 
those  of  the  corresponding  ones  at  lower  deposition  rate  (Figs  2  and  4)  and  the  resulting 
factor  ■■  =  q^/a  =  20  +  2  is  the  same  (within  the  error  bars)  with  respect  to  the  above  reported 
)  value  at  200  kw/cm^.  This  seems  to  be  in  agreement  with  the  experimental  results 
repo+ted  in  Ref.  9. 

Figure  8  shows  the  net  small  signal  gain  coefficient  as  a  function  of  the  wavelength  for  a 
fixed  time  delay  of  230  ns.  The  corresponding  measured  XeC^  emission  spectral  profile 
reported  in  Pig.  9  is  a  type  of  multimaximum  having  peaks  at  307.6  nm,  307.9  nm,  308.2  nm  and 
308.4  nm,  confirming  that  the  XeCf"  laser  takes  place  in  the  form  of  the  bound-bound 
transition,  as  expected  theoretically  To  our  knowledge  it  is  the  first  time  that  the 
gain  profile  of  all  four  B-X  transition  lines  have  been  clearly  resolved  for  the  Ne  based 
XeCe  laser  mixture  (for  He/Xe/Cf  see  Ref.  12).  It  should  be  mentioned  that  no  attempt  has 
been  made  to  correct  this  gain  curve  for  the  finite  bandwidth  of  the  probe  beam,  which  would 
probably  result  in  more  pronounced  difference  between  the  minima  and  maxima. 

.-mall)',  in  Fig.  10  we  show  the  peak  small  signa.  gain  coeffic;e:,-  for  different  energy 
reposition  rates  ir.  the  laser  cell. 


DELAY(ns)  DELAYInsI 

Fig.  2  Absorption  coefficient  n  vs  time  Fig.  3  Absorption  coefficient  a  vs  time  for 

for  3  =  3125  A  l  =  3140  A 
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Fig.  10  Small  signal  gain  coefficient 
g^  vs  energy  deposition  rate 
in  the  XeC?  active  medium 


III.  Measurements  of  the  Saturation  Intensity 

To  obtain  an  estimate  of  the  saturation  intensity  of  the  mixture,  tv;o  different 
experimental  measurements  were  performed.  The  first  makes  use  of  a  Rigrod  type  analysis  of 
the  laser  output  intensity  of  a  plano-plano  cavity,  as  a  function  of  the  mirror 
reflectivities  and  the  saturation  intensity  Strictly  speaking  this  method  is  only  valid 
under  stationary  conditions,  but  one  can  show  that  for  our  experimental  conditions  the  steady 
state  approximation  is  well  satisfied.  Using  a  geometrical  approximation  one  may  write  for 
the  right  and  left  travelling  intensities  r+(z)  and  I.(z) 


1  ^ 

dz 


g 


O 


I 


-  o  = 


1  ^ 

I  dz 


with  the  boundary  conditions 


(3) 


I.(L)  =  I, (L)  Rj  Tf2 
1,(0)  =  I_(0)  Ri 


(4) 


Rj  and  Rj  are  the  reflectivities  of  the  back  and  the  output  mirror  respectively,  and  Tf  the 
transmittance  of  the  quartz-windows  in  the  gas  chamber.  Equation  (3)  may  be  integrated  to 
obtain  a  transcendental  equation  in  the  variable  fi  =  I^  I  /I/.  Solving  this  equation  for  6  as 
a  function  of  the  parameters  Rj,  Rj,  Tj,  go  and  a,  one  may  calculate  the  saturation  intensity 
from  the  measured  intensity  1^  at  the  exit  of  mirror  M2.  To  determine  the  peak  output 
intensity,  both  the  laser  pulse  shape  and  the  total  pulse  energy  were  measured. 


The  values  of  the  parameters  used  were 


Rj  =  98%  g^  =  8.9  ±  0.2%/cm 

Tj  =  99%  a  =  1.4  ±  0.3%/cm 

while  for  R2  three  values  were  taken,  namely,  82=10%,  23%,  and  84%.  The  higher  value  of  the 
peak  small  signal  gain  coefficient  with  respect  to  the  earlier  measured  g^  is  due  to  the 
higher  pumping  rate  deposition  in  this  case  (350  kW/cm^).  This  implies  a  correspondingly 
higher  absorption  coefficient  assuming  a  constant  ratio  g^/o  The  value  of  the  effective 
absorption  coefficient  was  obtained  by  taking  the  sum  of  the  intrinsic  absorption  coefficient 
(0.5  ±  0.1%/cm)  and  the  estimated  loss  due  to  diffraction  (0.9  ±  0.2%/cm). 

From  these  measurements  three  values  for  the  saturation  intensity  were  calculated  (see 
Table  I)  with  a  mean  value  of 
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<  I  >  =  0.5 


MW  cm' 


(  ^  i 


The  error  bars  were  caiCLilated  by  finding  the  rr.a.ximuri  and  minimurr.  values  of  varying  the 

parameters  a,  g^,  and  within  their  error  bars. 

The  second  method  uses  the  intracavity  intensity  dependence  of  the  gain  of  a  probe  beam. 
Indeed,  for  the  propagation  of  the  probe  beam  with  a  sufficiently  low  intensity  I  (i.e.  I 
I^)  we  may  write: 


dz 


g„ 

1  +  1  izi  1 


(6) 


The  intrccavity  intensity  I(,(z)  depends  on  the  longitudinal  coordinate  z.  However,  it  can  be 
shown  that  the  error  made  in  Eq .  (6)  by  taking  its  mean  value  over  the  cavity  length,  is 
small,  and  hence  the  equation  may  be  integrated  to  give  for  the  amplified  probe  beam,  the 
following  expression: 


I 

out 


=  1.  exp 
in  ^ 


I  +  <  1  >1 

C 


-a)f 


l.^exp(Sf) 


(7) 


where  g  is  the  net  gain  coefficient  of  the  probe  beam.  Using  a  modified  Rigrod  analysis 
one  may  express  the  m.ean  intracavity  intensity  <If,>  in  terms  of  the  intensitiy  Ig  at  the 
output  coupling  mirror  Mj: 


(1-v  )(n  R,  RJ 

<l  >= - - -  —  -  - 1^  («) 

(1 -Rj  >  R,  In  A  (Ri-Rj  TJi 

In  this  way,  by  measuring  the  amplified  probe  beam  intensity  and  the  laser  intensity  Ig 

at  the  exit  of  mirror  Mj,  one  may  calculate  the  saturation  intensity. 

Of  course,  this  method  depends  heavily  on  the  technical  possibility  of  separating  the 
amplified  probe  beam  from  the  much  larger  overall  background  laser  intensity.  This  has  been 
achieved  elegantly  by  means  of  the  Brewster  angle  quartz  windows  Wj  and  W2. 

The  experimental  set  up  is  schematically  drawn  in  Fig.  11.  The  probe  beam  was  taken  from  a 
Lambda  Physik  EMG50  XeCf  laser  with  17  ns  (FWHM)  pulse  duration,  which  was  attenuated  (filter 
A),  recollimated  (lenses  Lj  and  Lj)  and  spatially  filtered  (pinhole  PH)  before  entering  the 


Fig.  11  Experimental  setup  for  the  second 
text ) 

Mj  =  cavity  back  mirror, 
reflectivity  99% 

Mj  =  cavity  front  mirror 
M3  =  mirror 
M4  =  mirror 

A  =  neutral  density  filters 
Lj  =  lens  ( f =50  cm) 


measurement  of  the  saturation  intensity  (see 

L^  =  lens  (f=25  cm) 

Pn  =  spatial  filter 

J  =  joule  meter  Gentec  ED-1000 

PD3  =  reference  photodiode  ITT, 

FW-114A 

PDj  =  signal  photodiode  ITT, 

FW-114A 
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TABLE  I:  Results  of  first  saturation 
intensity  measurement 


R2(%) 

Ig  (Mw/cm^) 

Ig  (Mw/em^) 

<lg>(Mw/om^) 

1 

j  -^0.2 

10 

1.0+  0.2 

0.4  ' 

i  -0.1 

i  +0.2 

• 

[+0.3 

23 

1.0  ±  0.2 

0.5 

0.5  - 

j  -0.2 

-0.2 

>0.4 

84 

0.26  +  0.06 

O.O-' 

! 

-0.2 

TABLE  II:  Results  of  second  saturation 
intensity  measurement 


R2(%) 

Ig  (Mw/cm^) 

g(%/cm) 

Ig  (Mw/cm^) 

<Ig>(Mw/cjn^) 

+  0.7 

10 

1.0  +0.2 

+  .9+0.3 

1.4- 

-0.5 

+  0.7 

j  +  0.6 

23 

1.0  +0.2 

3. 7+0. 4 

1.2', 

1.2 

!  -0.4 

1  -0.4 

[  +0.5 

84 

0.26+0.06 

2.23+0.05 

1.3' 

1  -0.4 

iaser  cell.  The  other  experimental  conditions  (m.irrors  reflectivity,  purr.prr.c  rate,  etc.)  weie 
.eft  cnchanged  witn  respect  to  the  first  measurement. 

Due  to  the  different  polarizations  induced  by  V.'j  and  K,  the  probe  beaiTi  and  the  i  n:  racavi  t  y 
e.m..  field  are  split  at  window  W^,  after  which  the  gain  is  measured  by  photodiode  PD^ . 

The  results  of  the  measurements  are  shown  in  Table  II  and  we  calculated  a  mean  value  of 
the  saturation  intensity  of 


j"  +  (1.6 

<I  ^  =  1.2  M\V<m-  (9) 

-  0.1 

Again,  the  error  bars  were  calculated  by  finding  the  maximum  variation  in  l^,  changing  the 
parameters  within  their  range. 


IV.  Con ci_u s ions 

The  absorption  coefficient  a  and  the  small  signal  gain  coefficient  have  been  measured,  . 
both  as  a  function  of  the  time  elapsed  after  discharge  breakdown,  and  gj,  as  a  function  of  the 

wavelength.  It  should  be  noted  that  the  time  dependence  of  the  absorption  is  rather  similar 

to  that  of  the  small  signal  gain  coefficient  (width,  onset  time,  peak  time)  leading  to  an 
approximately  constant  ratio  q^/a  with  time. 

Two  different  measurements  of  the  saturation  intensity  were  performed  leading  to  the 
values  0.5  Mw/cm^  and  1.2  Mw/cm^  respectively.  However,  taking  into  account  the  rather  large 

error  bars  (see  5  and  9)  these  results  are  not  really  in  contradiction  but  rather  reflect  the 

considerable  difficulty  in  measuring  this  quantity.  These  considerations  are,  on  the  other 
hand,  largely  stated  by  the  wide  range  of  saturation  intensity  measured  values,  also  for 
apparently  similar  experimental  conditions 
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Abstract 

The  use  of  saturating  magnetic  materials  ir  laser  excitation  discharge  systems  is 
presented.  Particular  attention  is  given  to  the  mort  important  parameters  of  magnetic 
materials  and  to  the  analysis  of  some  circuits  such  a'  single  and  multi-stage  pulse 
compressor  and  pre-pulse  isolation  systems. 

Introduction 

The  use  of  saturating  magnetic  materials  in  pulse  forming  circuits  for  the  laser 
excitation  o f , J a v y pe va  1  anc he  discharges  is  becoming  an  important  area  of 
investigation'  .  Such  techniques  find  applications  especially  in  the 

excitation  of  exrimer  laser  systems  where  pulse  power  requirements  are  espec ially, severe. 
l^.present,  the  two  ",.in  techniques  are  in  tne  areas  of  pulse  compression'  M  H  -  M 
and  circuit  isoiafion''  .  The  idea  of  pulse  compression  is  to  use  a  saturating 
inductance  as  a  switch  that  will  allow  a  slow  charge  of  the  pulse  circuit  through  a 
thyratron  and  subsequently  provide  a  fast  deposition  of  energy  through  a  low  inductance 
circuit  to  the  discharge.  Such  a  technique,  therefore,  permits  a  comfortable  dl/dt  for  the 
thyratron,  insuring  long  life  operation,  and  at  the  same  time  deliver  a  short  voltage 
risetirae  and  fast  energy  deposition  pulse  desirable  for  the  excitation  of  excimer  laser 
systems.  The  use  of  a  saturating  inductor  as  an  isolator  is  an  even  more  powerful 
technique'  .  The  idea  here  is  to  overcome  the  necessity  of  charging  the  final  stage 
capacitors  used  for  energy  deposition  to  the  gas  breakdown  voltage  while  the  steady  state 
operating  voltage  of  tiie  discharge  is  some  factor  of  four  lower'  .  The  latter  results  in  a 
discharge  power  supply  very  far  from  a  good  current  generator  and,  therefore,  yields  very 
poor  theoretical  power  transfer  efficiences.  The  use  of  a  saturating  inductor  as  an 
isolator  permits  the  use  of  a  separate  low  energy,  high  dV/dt  pre-pulse  and  the  subsequent 
deposition  from  a  low  voltage  main  storage  pulse  power  circuit. 

While  substantial  successes  are  reported  in  the  application  of  saturating  magnetic 
materials  for  these  uses,  very  little  discussion  has  been  devoted  toward  elucidating  tlie 
details  involved  that  lead  to  the  successful  implementation  of  these  results.  In  this 
communication,  we  wish  to  discuss,  for  example,  the  limits  associated  with  the  available 
materials  tor  the  above  mentioned  uses,  the  losses  associated  with  a  saturating  magnetic 
inductance  and  the  optimization  associated  with  multistage  pulse  compressor. 

Material  considerations 


Two  general  classes  of  materials  are  available:  those, of  various  steel. alloys 
including  splat  cooled  amorphous  metals  such  as  Metglass''  and  Vitrovac^  and  those  of 
ferrites.  The  choice  of  the  appropriate  material  depends  on  the  speed  of  the  circuit  under 
consideration  and  the  degree  of  compression  or  isolation  required.  The  most  importapt.^, 
parameter  to  keep  in  mind  is  the  relative  permeability  at  the  operating  frequency^  . 

We  make  the  important  assumption  of  working  solely  with  soft  magnetic  materials  or,  in 
other  words,  to  employ  magnetic  materials  with  a  very  narrow  (low  coercive  force) 
hysteresis  loop.  As  a  rough  criteria  we  have  II  <10  A/cm.  .  In  this  conditiop.„, 

(see  Fig.  1)  we  can  define  at  a  given  frequency  the  "relative  permeability"  as'  : 
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(u=  unsaturate  cl) 
(  s=  saturated) 


Fig.  1.  Power  losses  during  tlie  switching  time  for  a  magnetic  material  device, 
i'lain  losses  arise  only  when  the  voltage  starts  to  drop  down  and  the  current 
starts  to  increase.  T^=  switching  time,  gep'-ra  1 1  y  <  ^  . 

It  is  clear  that  under  this  approximation  overmentioned  and  illustrated  in  Fig.  1,  a 
linearity  between  B  and  II  is  a  good  approximation  and  we  can  employ  easier  formulas  in  our 
cicuits  analysis.  It  is  well  known  that  is  about  equal  or  few  times  that  of  air.  We 

will  call  i.i  the  following  discussion  "relative  permeability"  simply  "permeability". 

Another  point  to  keep  in  mind  is  that  although  steel  alloys  have  enormous 
permeabilities  at  low  f r eq u nc ies  only  the  best  materials  have  comparable  values  to  those 
of  high  frequency  ferrites  in  the  region  of  lOMHz.  and  are  unusable  at  frequencies  in  the 
lOOMIIz.  region.  Depending  on  the  annealing  process  the  permeabilitv  for  amorphous  metals 
^an  be  as  high  as  as  600,000  for  cases  of  square  hysteresis  loops  and  can  also  be  made  to 
have  constant  permeability  values  in  the  region  of  5  to  30  thousand  up  to  frequencies  near 
the  100  KHz.  range.  Low  frequency  ferrites  generally  have  constant  permeabilities  with 
values  of  1  to  5  thousand  up  to  1  to  5  MHz.  High  frequency  toroids  can  have  constant  value 
permeabilities  of  a  few  hundred  at  frequencies  up  to  10  to  20  MHz.  and  even  higher 
frequency  toroids  with  constant  permeabilities  of  the  order  of  40  to  50  at  frequencies  up 
to  one  to  two  hundred  MHz.  The  difference  between  the  unsaturated  permeability  and  the 
saturated  permeability  defines  the  change  in  inductance  when  the  materials  goes  into 
saturation  and,  therefore,  defines  the  degree  of  isolation.  The  saturating  flux,  B  , 
between  the  amorphous  metals  and  the  ferrites  are  not  very  different  with  the  amorphous 
metals  having  values  about  a  factor  of  three  higher.  These  are  from  .5  to  2  Teslas  for 
amorphous  metals  and  .2  to  .5  for  ferrites  materials.  Thus,  given  a  desired  final  saturated 
inductance,  the  time  to  reach  saturation  is  controlled  by  the  unsaturated  permeability 
which  controls  the  leakage  current  through  the  inductor  and  by  the  nature  of  the  B-H  curve. 
The  required  amount  of  material  necessary  to  hold  off  a  given  voltage  is  given  by: 


where  V(t)  is  the  voltage  across  the  inductor;  is  the  time  to  saturation  of  the 

material  ; 

is  the  total  change  in  flux  density  and  is  (2li  )  twice  the  saturation  flux  d 
density  if  one  initially  reverse  saturates  the'  material. 

;;  is  the  number  of  turns. 


Thus,  to  reach  a  desired  hold  off  voltage  before  saturation  of  the  magnetic  material, 
both  the  saturation  flux  density  and  the  c r oss-sec t  i on  i  I  area  arc  important  parameters. 
Arguments  using  Lqn.  (1)  are  valid  when  the  transition  '  ;  me  between  unsaluratod  and  satured 
inductance  is  small  compared  to  the  overall  resonar.ee  charging  time  (1,  ^).  When  this  is 
not  the  case,  as  is  somclime.s  true  in  fast  compression  stagc.s  and  in  pufsc  isolation 
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systems,  the  details  of  the  saturation  process  becomes  important.  V.'e  will  discuss  in  the 
details  of  the  transition  region  for  different  types  of  materials  in  a  future  paper. 

The  consideration  of  losses  in  saturating  magnetic  materials  is  a  difficult  task  and 
can  be  very  different  for  the  two  types  of  materials  under  discussion.  Hysteresis  losses, 
the  integral  of  lidil,  which  tend  to  be  a  constant  per  round  trip  of  tlie  hysteresis  loop, 
represent  a  small  fraction  of  the  energy  transferred  through  the  inductor  if  t(io  current 
through  the  inductor  is  many  times  that  necessary  to  drive  the  magnetic  material  to 
saturation.  This  is  usually  the  case  for  tiie  circuits  under  consideration. 

The  other  important  loss  is  that  due  to  tlie  resistivity  of  the  material.  If  we  look  at 
the  voltage  and  current  characteristics  as  a  function  of  time  as  in  Fig.  2,  we  find  that 
most  of  the  power  loss  takes  pJ.aco  wlien  the  inductance  saturates.  In  steel  alloys  where  the 
^  ^  -  inn  .. 


(  r  -1 00  ^  jT-cm )  '  is  very  low  the  material  must  be  formed  by  laminations 

with  alternating  insulating  layers  to  allow  voltage  build  up  across  the  inductor  structure. 
Due  to  this  very  low  resistivity  huge  eddy  currents  counter  the  driving  current  an<i 
necessitate  H  values  nt  the  boundary  of  the  lamination  many  tines  that  of  the  saturating  ii- 


wave  launched  in  the  medium  travels  across 


o  f 


field  (H  )  before  a  saturating 

magnetic  material  and  saturates  the  whole  thickness  of  the  lamination' 

Eddy  current  losses  in  amorphous  metals  can  bo  a  substantial  fraction  of  the  storage 
energy  if  care  is  not  used  in  the  design  of  satura..tng  i  nd  uc  t  o  r.s .  I  n  ferr^Jc  materials  the 
resistivity  is  rather  large  and  can  vary  from  50  to  as  high  as  10  jT.  cm.  and  saturation 

of  the  material  medium  can  be  determined  purely  by  the  rising  local  Il-field.  Losses  can  be 
ca-  'fated  by  integration  in  space  and  time  using  the  local  induced  electric  field  in  the 
medi  ra  and  the  resistivity.  However,  the  calculation  of  Che  cal  electric  field  is 
complicated  by  the  chanp, e  in  the  local  permittivity  as  sections  of  the  medium  saturates. 
There  is  indication  that  the  permittivity  decreases  at  saturation.  In  addition,  there  are 
frequency  dependencies  of  the  resistivity  and  permittivity  caused  by  dit'fereqces  in  the 

grain  sizes  in  the  material  at  low  frequencies'  >  ■ [,  y  g 


phase  lag  loss 


that  becomes  important  at  higher  frequencies. 


V.I.P 


Fig.  2,  Solid  line:  narrow  hysteresis  loop  that  allows  to  make  the  described  approximation, 
the  linearity  between  B  and  il  fields. 


Single  stage  p'ul.'"  compression 

We  wish  in  this  section  to  make  the  simplest  circuit  arguments  for  a  one  stage  pulse 
compression  circuit.  We  shall  then  present  the  first  order  arguments  for  the  design  of  the 
inductor  dimensions  and  the  necessary  magnetic  material  characteristics.  Figure  3  gives  the 
schematic  for  a  single  stage  pulse  compression  circuit. 


Fig.  3,  Single  .stage  pulse  circuit  diagr.i.m.  !.„  is  only  the  ground  reference  for  the  Cj 
charge.  L.  11.  is  the  load,  in  particular  the  laser  head. 
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For  one  hundred  percent  energy  transfer  efficiency  C,=C2=C2=C.  The  right  part  of  the 
circuit  is  isolated  from  the  left  by  the  unsaturatel  inductance  of  For  an  efficient 

charge  of  C2t  Lj<<L2  • 

In  order  to  make  much  larger  than  Ij,  L2^<<Lj. 

For  satisfying  these  two  inequalities  we  put: 


Lj/L2®=L2“/LjrlO 


Where:  ^^f'o^'rs 

^2  “f'oJ'r 


A  /I 

XT  t  z  .  m  , ,  m 

N.  A  /I  »u 
t  m  ra  '0 


A  /I 
m  ra 


(2) 

(3) 
(3'  ) 


With:  N^=number  of  turns  ;  A^=magnetic  cross-sectional  area;  l^=magnetic  field  path  length 


So,  /I  ^  must  be  at  least  equal  to  100  We  remark  that  the  expressions  given  for  (3) 

and  (3')  are  valid  wneh  soft  magnetic  materials  are  employed  (narrow  B-H  loop).  Under  the 
assumption  that  two  parts  of  the  circuit  are  isolated  by  the  unsaturated  inductance, 
calling  C  2  =  [  C  j  ^  1 '*’*^2  ^  ^  ^  write  the  equation  when  the  switch  closes  at  t  =  0 

for  Ij(t)  with  Cj^  initially  charged  to  by  observation. 


I(t)  =  Vm3x[Ci2/Li]^''^sin(wit)  (4) 

1/2 

where  Wj=(l/LjCj2)  •  Tf’e  voltage  across  the  capacitor  C2,  V2(t),  is  then  given  as: 

V2(t)=V_^ax(^12''^2)^^"''°^^”l''^  (5) 


Assuming  that  the  current  required  to  saturate  L2  is  small  compared  to  the  peak 
current  through  L2  after  saturation,  the  voltage  across  the  capacitor  C^,  V^lt)  is 
approximately  at  ground  potential  and  the  current  through  L2  before  saturation  is  simply 
written  as 


t 

I2  (t)=(l/L2“)|v2  (t')dt’=V_^^^(C^2/C2)L2“ft-(l/wj)sin(wjt)]  (6) 

0 

We  define  the  "Pulse  compression  ratio"  as: 

S=T^/T2  (7) 

where  Tj=rr/w^:  T2  =  (C23L2^)  ,  C23=C2C3/(C2+C3)=Cj2=C/2 

It  is  clear  now  that  T2  is  the  duration  of  the  secondary  current  pulse  of  amplitude  I2 
after  saturation  of  L2.  Furthermore  we  immediatly  recognize  definition  and  from 

Eqn(5)  ^  1 ^ ^  1 2^^2 ^  maximum  voltage  across  the  capacitor  C2.  If  losses  are 

neglected  and  sinusoidal  waveforms  are  assumed,  the  law  of  conservation  of  charge  gives: 


I  T  =I  T 

ri  ^2*2 


and  f rom  ( 7 )  : 

i2/i3=(l2/Ii)(T^/T2)=i^ 


(8) 


Thus,  for  example,  a  pulse  compression  ratio  of 
25. 

Integrating  Eqn.  (1),  (Faraday's  law),  we  obtain  the 


5  reduces  dl/dt  in  the  thyratron  by 

fundamental('-^>(‘3)(17-20)(25)^ 


N  A  =V  T  ^ 
t  m  max  sat 


/2AB 


withAB';2B  ,  biased  magnetic  core  near  the  reverse  saturation 
AB=B^,  unbiased  magnetic  core  . 


(9) 


Thus,  depending  on  the  resonant  charging  time  in  the  primary  subcirciit,  we  are  able 
by  means  of  Eqn. (9)  to  calculate  the  cross-sectional  area  of  magnetic  material  (A  )  that  we 
need  in  a  given  circuit.  In  Eqn.  (9)  the  compression  factor  defined  by  i;qn.(7)  does  not 
appear;  by  means  of  Eqns.  (3), (3')  and  (9),  and  recalling  F.qns.f7)  and  (2)  with  the 
explicit  expressions  for  Tj  and  T2,  we  have  the  required  magnetic  material  volume  for  a 
given  single  stage  pulse  compressor,  as: 
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(10) 


with:  magnetic  material  volume;  Cj=C2=C2=C,  the  capacitors. 

An  application  of  pulse  compression  is  to  allow  a  very  slow  charge  of  the  pulse 
circuit  through  a  solid  state  switch  instead  of  a  thyratron  and,  subsequently  to  obtain  a 
fast  deposition  of  energy  to  the  discharge.  General  dl/dt  requirement  for  an  excimer  laser 
is  lOOKA/lOOns.  Unfortunately  the  maxjmum  dl/dt  for  a  high  power  solid  state  switch  such  as 
a  thyristor,  is  about  1KA/I,<s,  thus  i  -..jlOOO  and  consequently  by  (10),  the  required  volume 
and  the  associated  losses  become  huge. 

Multi-stages  pulse  compression 

We  have  looked  at  the  minimization  of  magnetic  material  needed  as  a  function  of  the 
number  of  stages  and  we  have  found  that  there  exists  a  number  where  the  magnetic  material 
needed  is  a  minimum. 

Figure  4  gives  the  schematic  for  a  multistages  pulse  compression  circuit: 
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Fig.  4  Multi-stages  pulse  circuit  diagram.  corresponds  to  L,  in  Fig.  1,  and  may 

be  high  due  to  the  slow  current  rise-time  in  the  first  stage. 

We  consider  the  circuit  lossless^ ^ ^ ^ \  purely  inductive  and  capacitive.  For  one 
hundred  percent  energy  transfer  efficiency  we  put: 

Ci=C2=C3=. . .Cn^l=C  (ll] 

For  such  a  multi-stage  efficient  resonant  energy  transfer  system,  the  condition  of 
Eqn.  (2)  generalizes  to 

L,  /L„  =L~  /L,  rlO 

- f - 1 - i -  (12; 

L  ®/L  ®=L  “/L  ®rl0 
n-1  n  n  n-l 

We  realize  a  compression  factor  S  with  n-stages  of  different  compression  factor  d. 


Moreover,  the  saturation  flux  B  has  the  same  value  up  to  the  final  highest  frequency 
(but  it  is  not  necessarily  the  same  material);  thus  we  write 

,  d  . 

i=,...,nt  .  /IT 


f  9  7'  ' 

V  =/,  ,  k.d.  =k2;  ,  d. 

m  ‘'1  =  1,. ..jH  1  1  —  i  =  l,.n  1 

where :  ^ 

V  =  the  total  magnetic  material  volume 

m  9  2 

k.=k  =  Uy(yr‘-/4)(l//lB‘)(C/2)V^^^‘^,  the  same  value  under  our  condition  for  each  stage. 

We  demonstrated  that  V  **  is  minimum  when  d.  is  tlie  same  for  each  stage. 

Thus  (13)  become:  r 


™’^  =  nkd^  =  nk(i^)^/" 


Looking  at  the  minimization  of  V  *"  as  a  function  of  the  number  of  stages  assuming ,  as 
currently  done,  n  R  ,  we  found  that  there  exists  a  minimum  for  n  given  by  the  equation: 

n=21n(i)  (15) 

Keeping  in  mind  that  n  is  the  number  of  stages,  as  a  result  of  (15),  we  take  the  first 
integer  that  approximates  (15).  Generally  the  smaller  number  is  picked  to  avojd  building 
one  more  stage.  As  a  numerical  example  we  take  a  compression  factor,  ^=31,  (^  -.1000),  and 
with  one  stage  only: 

V  t  1000 
m 

From  (15)  we  have  n=6,  thus  the  total  volume  needed  is  from  the  second  of  (14): 

V  19 

tRus  it  is  clear  that  substantial  material  savings  results  in  going  to  multi-stage 
pulse  compressors.  The  losses  associated  with  increasing  number  of  stages  is  counter¬ 
balanced  by  the  larger  and  larger  losses  of  a  single  stage  device  as  k  increases. 

In  discussing  some  theoretical  aspects  of  a  multi-stages  pulse  compressor,  it  may  be 
convenient  to  give  a  first  hint  for  a  practical  evaluation  of  the  device  expense;  calling  C 
the  "cost"  for  a  required  n-stages  magnetic  compressor,  we  have; 

C=nH(^^)^''"  +  nK  (16) 

Where:  11^=  magnetic  material  cost  per  stage. 
j(  =  capacitors  cost  per  stage. 

Minimizing  (16)  as  done  in  (15),  the  minimum  cost  is  given  by  the  following  equation 
for  the  optimized  number  of  stages: 

n=21n(i)/[  l  +  <r/(^2j‘/"]  (17) 

Where :  <r’=  K/U, 

It  is  easy  to  recognize  (15)  for  j(  =  0. 

Pre-pulse  isolation  circuit 

Similarly,  as  done  for  obtaining  equations  (4),  (5),  and  (6),  we  can  write  the  equations 
for  the  pre-pulse  isolation  circuit  given  in  Fig.  5. 


Fig.  5,  General  pre-pulse  circuit  diagram.  On  the  left  hand  part  to  respect  L:  main 
storage  energy  subcircuit,  generally  set  at  low  voltage.  On  the  right  hand  part  to 
respect  L:  pre-pulse  subcircuit  or  "s piker". 

The  conditions  here  are  that  C  is  slowly  charged  to  potential  V  so  that  both  and 
V  are  at  this  potential.  The  storage  capacitor  of  the  pre-pulse  circuit  C  (C  <<C)  is 
ciarged  to  V  and  is  some  factor  of  4  higher  than  V  .  With  the  circuit  voftages  set  at 

these  va  1  ues ?'''?Re  pre-pulse  switch  is  closed.  L  acts  as^a  higii  impedance  barrier  until  tlie 
laser  gap  breaks  down.  In  this  process  L  is  driven  in  the  reverse  direction  an<l  if  driven 
to  reverse  saturation  some  of  the  energy  in  the  pre-pulse  will  he  dumped  into  the  main 
capacitor  C.  It  is  seen  that  there  will  be  a  substantial  delay  after  the  laser  gas 
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breakdown  because  the  inductance  L  has  been  driven  in  the  negative  direction.  The  time 
delay  is  the  time  necessarjj  to  drive  the  inductance  I-  to  saturation  in  t'ne  forward 
direction.  Assuming  that  L  successfully  isolates  the  left  part  of  the  circuit,  then  we  can 
write  the  voltage  across  the  laser  (V  )  as: 


V  (t)=V  +[(V  -V  )(C  /(C  +C  ))][l-cos(w  t)] 

g  max  pmax  maxpp  g  p^ 

with:  C  =  laser  head  capacitors,  , ~ 
wS=  1/[(L  (C  C  /(C  +C  )) ]  ' 

Lp=  laser *’he§d*’and *^p ri-pu  1  se  inductance 


(18) 


The  current  flowing  through  the  inductor  1,  is  governed  by  the  large  unsaturated 
inductance  (L  ).  We  treat  V  as  a  time  varyir.g  voltave  source  in  calculating  the  current 
through  the  inductor  L  on  tfte  left  hand  part  of  the  circuit.  The  capacitor  C  is  a  very 
large  capacitor  compared  to  the  capacitor  in  the  pre-pulse  circuit  (C  )  and  thus 
effectively  acts  as  a  short.  The  current  flow  in  the  left  hand  part  of  the  circuit  then  is 
written  as : 


t 


Ip(t)=-(1/L“)  j 
0 


[Vg(t')-V 


max 


]dt'= 


=-l(V  -V  )/l“][C  /(C  +C  )][t-sin(w  t)/w  ] 

pmax  max*^  p  ^  p  g  P 

(19) 

We  want  to  make  sure  that  the  magnetic  core  of  L  does  not  go  into  reverse  saturation 

until  V^=V  .  Otherwise,  some  of  the  energy  in  the  pre-pulse  will  be  dumped  into  the 

capacitor  S  and  may  adversely  affect  the  breakdown  of  the  laser  gas.  From  Eqn.  (18)  we  see 

that  V  is  reached  in  time, 

gmax 

T=-ir/w 

P 

The  voltage  is  given  by. 

(20) 

V  =V  +2[V  -V  ][C  /(C  +C  )] 

gmax  max  ^  pmax  max'"-  p  '  p  g' ‘ 

(21) 

The  current  at  T  in  the  left  hand  part  of  the  circuit  is 

then , 

I  (t)=-<[(V  -V  )/l“w  ][C  /(C  +C  )] 

p  pmax  max'^  p  ^  p  ^ 

(22) 

The  saturating  inductance  should  be  designed  such  that  the  inductance  does  not  go  into 
reverse  saturation  when  the  current  reaches  I(T).  Further,  the  pre-pulse  should  be  set  so 
that  gas  breakdown  in  the  laser  medium  is  near  V  .  After  breakdown  of  the  discharge  the 
laser  gap  becomes  a  low  impedance  source  and  powir^^egins  to  flow  from  the  main  storage 
capacitor,  C,  at  time  t=T.  The  current  I  is  given  as: 

I(t)  =  (Vma^/L‘'w)sin[w(t-T)  ]  (23) 

with  w=1/(l“C) 


Conclusions  and  Considerations 


In  both  the  pulse  compression  circuit  and  the  pulse  isolation  circuit  discussed  above, 
the  initial  function  of  the  saturating  inductor  is  to  hold  off  a  certain  voltage.  In  pulse 
compression  must  not  saturate  until  reaches  maximum  voltage,  V  (C.-ZC^),  and, 

similarly,  in  the  pulse  isolation  circuit  L  must  remain  unsaturated  unfil  v  reaches  V 
as  given  in  Eqn.  (21).  Equation  (1)  is  a  convenient  form  of  the  Faraday's  l§w  that  sholT^^ 
easily  allow  us  to  calculate  the  desired  area  A  for  a  given  material  with  saturation  flux 
characteristics  of  B.  In  pulse  compression  where  the  pulse  compression  ratio  is  large, 
that  is,  when  the  charging  time  is  long  compared  to  the  saturation  time,  the  integration 
over  t  to  T^^P  is  easily  determined  since  T^^  is  simply  the  time  for  '>1 2  to  reach  maximum 
voltage.  However,  when  very  fast  voltage  risetimes  are  desired  as  in  the  last  stage  of  a 
pulse  compressor  chain  (multi-stage  pulse  compressor),  the  pulse  compression  ratio  must  be 
very  small  because,  for  examle,  at  20MHz,  ferrites  with  unsaturatcd  ^  ^  of  only  a  couple  of 
hundreds  are  available.  Thus,  the  best  that  can  be  achieved  arc  compression  ratios  of  the 
order  of  3.  Under  these  conditions  the  exact  time  for  T  becomes  ambiguous.  In  the  case 
of  pulse  compression  we  need  to  make  sure  that  the  inducfor  completely  saturates  before  V., 
reaches  maximum  voltage,  so  that  the  stored  energy  in  C 2  can  be  transferred  more  rapidly  to 
the  load  or  the  next  pulse  compression  stage.  If  this  is  not  done  the  partially  saturated 
core  will  transfer  energy  initially  at  slower  rate  until  the  current  through  tlie  core 
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reaches  levels  to  completely  saturate  the  core.  The  trade-off  is  between  saturating  the 
core  slightly  before  C,  reaches  maximum  voltage  resulting  in  decreased  energy  transfer  or 
saturating  the  core  after  C2  reaches  maximum  voltage  resulting  in  increased  energy  transfer 
time.  Although  this  choice  is  relatively  unimportant  when  the  compression  ratio  is  large, 
it  is  very  important  when  the  ratio  is  only  of  the  order  of  3.  Our  preference  for  low 
compression  ratio  situations  is  to  sacrifice  the  amount  of  energy  transferred  rather  than 
the  increased  time  delay. 

For  pulse  isolation  circuits  we  want  the  core  as  small  as  possible  but  at  the  same 
time  successfully  isolate  the  pre-pulse  from  the  main  energy  storage  circuit.  Further,  we 
do  not  want  any  of  the  core  to  reach  reverse  saturation  during  the  rise  of  the  pre-pulse 
voltage  across  the  discharge  gap  as  this  may  result  in  possible  dumping  of  the  energy  in 
the  pre-pulse  into  the  main  storage  capacitors.  Since  the  voltage  risetime  of  the  pre-pulse 
is  generally  made  as  fast  as  possible,  it  is  necessary  to  use  fast  ferrites  which  have 
unsaturated  nermeabilities  of  only  a  few  hundred. 

In  confusion  we  described  the  important  parameters  of  magnetic  materials  for  a  proper 
choice  in  pulse  compression  and  in  pulse  isolation  systems.  V.'e  gave  the  explicit  expression 
for  the  magnetic  material  volume  needed  in  a  single  stage  pulse  compressor  and  we  obtained 
a  relation  for  the  minimum  magnetic  material  volume  needed  in  a  multi-stages  pulse 
compressor.  We  have  given,  also,  the  explicit  expression  for  the  current  in  pulse  isolation 
systems . 

However,  we  have  not  discussed  in  detail  the  approximation  to  Faraday's  law  when  the 
time  to  saturation  is  comparable  to  the  saturation  time  T  ;  we  have  not  given  the 
explicit  calculation  of  the  change  in  permittivity  for  saturated  and  un saturated  material 
that  is  important  in  calculation  of  resistivity  loss  in  ferrite  materials.  Furthermore  we 
have  not  discussed  changes  in  resistivity  as  a  function  of  frequency. 

Acknowledgments 

This  work  was  carried  and  supported  at  the  "Universite  d ' Ai x-Mar sei 1 1 e  II",  "Institute 
de  Mecanique  des  Fluides",  "Equipe  Noveaux  Laser",  1,  Rue  llonnorat  ,  13003  Marseille, 

France . 

One  of  the  author  (M.  V.  ),  wishes  to  thank  Dr.  R.  Salimbeni,  Dr.  P,  Mazzinghi,  Dr.  M. 
ilatera  and  Dr.  L.  Fini,  of  his  Institute,  for  some  fruitful  discussions  during  the  first 
period  of  the  study.  We  appreciated  the  hospitality  at  the  "Equipe  N'oveaux  Laser",  in 
particular  Professor  B.  Fontaine  and  Professor  B.  Forestier,  for  having  given  fundamental 
papers  and  materials. 

References 

1.  I.  Srailanski,  S.  R.  Byron,  and  T,  R.  Burkes,  Appl,  Phys.  Lett.  40,  547,  (1982) 

2.  R.C.  Sze,  SPIE,Vol.701  1986  European  Conference  on  Optics,  Optical  Systems  and 

Applications  (ECOOSA  '86), p, 105  (Florence  1986) 

3.  T.  Shimada,  K.  Noda,  M.  Obara,  and  K.  .'lidor  ikawa ,  Ja  p .  J.  Appl.  Phys.  24,  LS55,  (1985). 

4.  T.  Shimada,  M.  Obara,  A.  Noguchi,  Rev.  Sci.  Instrum.  56,  2018,  (1985) 

5.  C.  H .  Fisiier,  M.  J.  Kushner,  T,  E.  DeHart,  J.  P.  McDaniel,  R.  A.  Petr,  and  J.  J.  Ewing, 
Appl.  Phys.  Lett.  43,  1574,  (1936) 

6.  W.  H.  Long, Jr.,  :1.  J.  Plummer,  and  E.  A.  Stappaerts,  Appl.  Phys.  Lett.  43,  735,  (1983) 

7.  R.  S.  Taylor,  and  K.  E.  Leopold,  Appl.  Phys.  Lett.  46,  335,  (1985) 

8.  R.  S.  Tayli.r,  and  K.  E.  Leopold,  Appl.  Phys.  Lett.  47,  81,  (1985) 

9.  T.  J.  Pacala,  I.  S.  MacDermid,  and  J.  B.  Laudenslager ,  Appl.  Phys.  Lett.  44,  658,  (1982) 

10.  S.  Watanabe,  M.  Watanabe,  and  A.  Endoh,  Rev.  Sci.  Instrura.  57,  2970,  (1986) 

11.  R.  R.  Butcher,  and  T.  S,  Fahlen,  presented  at  the  CLEO  84,  Conference  on  Lasers  and 
Electro-Optics,  Anaheim,  CA  (1984),  paper  THPl 

12.  D.  F,  Crosjean,  Air  Force  Wright  Aeronautical  Laboratories,  AFWAL-TR-84-2074 ,  (1985) 

13.  D.  Basting,  K.  Hohla,  E,  Albers,  H.  v.  Bergmann,  Laser  S  Optoelektronik  2,  128,  (1984) 

14.  Data  sheets  of  ALLIED  CORPORATION  Metglass  Products  Department,  (1981) 

15.  Data  sheets  of  VACUUMSCMELZE  GMBH  "Vitrovac"  Amorphous  Metals,  (1983) 

16.  The  VACUUMSCMELZE  Handbook:  "Soft  Magnetic  Materials",  R.  Boll  ed.  (Siemens 
Ak t iengese 1 1 scha f t ,  Heyden  &  Son  Ltd,  London ,  1978) ,  pp.  13-123 

17.  !i .  J.  Baker,  and  Seddon,  J.  Phys.  E:  Sci.  Tnstrum.  19,  149,  (  1986) 

18.  W.  S.  Melville,  Proc .  lEE  98,  185,  (ID'^l) 

19.  W.  C.  jNunnally,  Los  Alamos  National  Laboratory  Report  No,  LA-8862-MS,  (1981) 

20.  D.  L.  Birx,  E.  J.  Lauer,  L.  L.  Reginato,  J.  Schmidt,  and  M.  Smith,  Lawrence  Livermore 
National  Laboratories,  UCID-18331,  (1980) 

21.  C.  G.  Koops,  Phys.  Rev.  83,  121,  (1951) 

22.  J.  E.  L.  Bishop,  and  P.  Williams,  J.  Phys.  D:  Appl.  Phys.  10,  225,  (1977) 

23.  S.  II.  Charap,  J.  Appl.  Phys.  50,  7701  ,  (  1979) 

24.  C,  H.  Smith,  IEEE  Trans.  Nucl.  Sci.  NS-30,  2918,  (1983) 

25.  D.  L.  Birx,  E.  J.  Lauer,  L.  L.  Reginato,  1).  Rogers, Jr.,  M.  W.  Smith,  and  T.  Zimmerman, 

Proceedings  3rd  IEEE  International  Pulsed  Power  Conference,  Albuquerque,  NM,  (1981), 
pp.  262-267 


Temperature  Dependence  of  Spectra  and  Efficiency  for  an 
Electron-Beam  Pumped  XeP  Laser 

D.G.  Harris,  T.T.  Yang,  D.H.  Burde ,  G.A.  Merry, 

L.A.  Pugh,  J.H.  Tlllotson,  C.E.  Turner,  Jr.,  and  D.A.  Copeland 

Rockwell  International-Rocketdyne  Division 
Canoga  Park,  California  91304 


Abstract 


An  analysis  is  made  of  the  lasing  efficiency  and  spin-split  spectra  of  the 
XeF{B-X)  system  as  observed  in  an  e-beara  pumped  laser.  The  intricate  rotational  and 
vibrational  structure  in  the  351-nm  and  353-nm  lasing  emission  is  investigated  in  an 
attempt  to  gain  insight  into  the  processes  responsible  for  the  spectral  features  of  this 
laser . 


Introduction 


Since  the  first  demonstration  of  improved  performance  of  e-beam  pumped  XeF  laser 
operation  at  elevated  temperature^  there  has  been  considerable  interest  in  trying  to 
understand  mechanisms  responsible  for  this  performance  improvement.  At  room 
temperature,  laser  power  is  emitted  predominantly  in  the  353  nm  band  on  XeF(B,v'=0)  — ► 
XeP(X,v"=3)  transitions.  As  the  temperature  is  increased,  the  351-nm  band  increases  in 
intensity.  This  band  includes  both  (B,v'=l)  — >•  (X,v"=4)  and  (B,V'=0)  — ^(X,v"=2) 
transitions . 

Several  suggestions. have  been  advanced  to  explain  the  improved  performance  at  high 
temperature.  Hsla  et  al.  attributed  the  Improved  energy  extraction  to  a  combination 
of  increased  vibrational  relaxation  within  the  B  state  and  increased  dissociative  rate 
of  the  weakly  bound  X  state.  Subsequent  experiments  by  Champagne  et  al^  indicated 
that  a  decrease  in  narrowband  absorption  with  increasing  temperature  in  the 
351-nm  band  region  might  also  contribute  to  improved  energy  extraction. 

The  objective  of  our  experimental  program  was  to  obtain  lasing  spectra  and 
efficiency  from  300  K  to  450  K  under  consistent  and  reproducible  conditions.  To  this 
end,  the  electron  beam  parameters  were  held  constant  and  the  laser  medium  density  was 
kept  at  3  Amagats  to  ensure  the  same  pump  rate  at  all  temperatures. 

Experimental  Apparatus 

The  experimental  apparatus  used  for  the  measurements  is  the  Rocketdyne 
electron-beam  excimer  laser  (REBEL)  system.  The  electron  gun  is  driven  by  a  three-stage 
Marx  bank  which  yields  current  densities  at  the  anode  foil  of  10-12  A/cm‘^ .  Typical 
operating  parameters  of  the  electron-beam  driver  are  a  270-390-kV  voltage  with  a 
0.25-1.0-  ..  I  pulse  length.  The  laser  chamber  consists  of  a  Monel  box  114  cm  long  with  a 
10-  X  10-cm  clear  aperture  along  the  lasing  axis.  This  chamber  is  separated  from  the 
high-vacuum  electron-gun  chamber  by  a  titanium  alloy  foil  mounted  on  a  hibachl  frame. 

An  interior  shroud  of  nickel-plated  copper  limits  the  volume  pumped  by  the  electron  beam 
to  100  X  10  X  10  cm^,  and  an  800-Gaus3  magnetic  field  is  employed  to  Improve  the 
pumping  uniformity  of  the  gas.  The  laser  chamber  has  been  operated  at  pressures  up  to  5 
atm  at  450  K.  The  experimental  results  reported  in  the  present  paper  were  obtained 
using  a  Ne  buffer  gas  at  a  density  of  3  Amagats,  a  pulse  length  of  1  ^ sec  and  gas  mix  of 
Ne/Xe/NF_  =  99-425/0.5/0.075.  For  the  gas  volume  corresponding  to  the  aperture  over 
which  laser  energy  is  extracted,  the  average  pump  rate  is  approximately  90  kW/cm^  as 
estimated  by  the  standard  technique  of  measuring  the  gas  cell  pressure  rise  in 
conjunction  with  3-D  Monte  Carlo  electron-beam  energy  deposition  calculations. 

A  flat/flat  resonator  with  100/50^  reflectivities  was  employed  in  all  the  present 
studies.  For  this  resonator  the  threshold  gain  is  approximately  0.35%/cm,  which 
ensures,  at  the  above  operating  conditions,  that  the  data  were  obtained  well  above 
threshold  with  the  medium  well  saturated.  Lasing  was  restricted  to  a  uniformly  pumped 
volume  within  the  REBEL  cavity  by  using  4-cm  diameter  mirrors.  Hlgh-resolutlon , 
approximately  0.05  A,  spectra  were  recorded  on  film  using  a  1-m  monochromator  with  a 
1200-line/mm  grating  in  fourth  order.  Both  bands  were  simultaneously  recorded. 
Additionally,  spectral  data  were  simultaneously  recorded  with  an  optical  multichannel 
analyzer  (OMA  2  system,  EG&G  Princeton  Applied  Research).  The  detector  head  was  mounted 
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on  a  0.3-ni  monochromator  operated  in  second  order  with  a  2i)00-line/ram  grating.  To 
monitor  the  consistency  of  the  lasing  operation,  voltage  and  current  waveforms  were 
recorded  on  each  shot,  and  the  temporal  profiles  of  the  353-  and  351-nm  lines  were 
monitored  using  appropriately  filtered  vacuum  photodiodes.  The  laser  output  energy  was 
measured  with  a  volume  absorbing  calorimeter.  A  schematic  of  the  apparatus  is  shown  in 
Figure  1. 


Results 


High  resolution  film  spectra  were  taken  at  several  temperatures  between  300’K  and 
450° K,  these  are  presented  in  Figures  2  through  5.  It  may  be  noted  that  at  300°K  the 
lasing  emission  occurs  predominately  in  the  353-nm  band.  Only  a  weak  lasing  spike 
appears  in  the  351-nm  band  at  30n°K.  As  the  temperature  increases  to  350°K  a  second 
spike  appears.  Increasing  the  temperature  even  further  to  450°K  shows  the  spikes 
growing  and  some  structure  appearing  between  the  spikes.  The  relative  energy  in  the 
351-nm  and  353-nm  band  could  be  inferred  from  OMA  data  and  corroborated  by  the  waveforms 
recorded  with  the  appropriately  filtered  photodiodes.  This  data  is  presented  in  Figure 
6,  as  lasing  efficiency  versus  temperature.  These  results  are  in  agreement  with  those 
of  Hsia  et  al.  ,  in  that  the  351-nm  emission  increases  dramatically  with  temperature. 

The  lasing  efficiency  of  the  XeP  laser  improves  markedly  because  the  energy  in  the 
351-nm  band  increases  while  that  in  the  353-nm  band  remains  virtually  unchanged. 

Some  general  qualitative  observations  may  be  noted.  The  structure  and  efficiency 
of  the  353-nm  band  at  450°K  are  very  similar  to  those  at  room  temperature.  In  contrast 
the  351-nm  spectrum  is  different  in  character  from  that  of  the  353-nm  spectrum.  At 
elevated  temperature  the  351-nm  spectrum  is  dominated  by  two  strong  spikes  with  some 
structure  between  them.  The  351-nm  band  also  changes  markedly  with  temperature  growing 
from  a  single  spike  at  300°K  to  two  Intense  spikes  with  structure  at  T^400°K. 

Discussion 


Potential  energy  curves  of  the  molecular  states  Important  to  the  XeF  laser  are 
shown  in  Figure  7.  The  353-nm  band  emission  comes  primarily  from  the  XeP(B,v'=0)  — 
XeP(B,v"=3)  transition  whereas  the  351-nm  band  is  composed  of  radiation  from  the 
XeP(B,v'=l)  — ►  XeP(X,v"=4)  and  XeF(B,v'=0)  XeP{X,v"=2)  transitions.  Each 

vibrational  transition  has  four  rotational  branches:  P  ,  R  ,  P„,  and  R„,.5Where 
e  and  f  represent  spin  "up"  and  "down",  respectively;  for  the  i 
transitions . 


A.  353-nm  Emission 


The  353-nm  band  is  considered  first.  A  typical  high  resolution  lasing  spectrum  is 
shown  in  Figure  8.  The  experimental  spectra  consistently  showed  modulations  and  peaks 
whose  positions  were  reproducible,  independent  of  gas  mixture,  temperature  and  resonator 
configuration.  The  modulations  were  also  gbserved  in  previous  experiments  with  an 
unstable  resonator^.  Tellinghuisen  et  al.  have  attributed  these  modulations  to  the 
effects  of  cooperative  lasing  on  the  overlapped  rotational  lines  of  the  0-3  band  and  the 
very  high-J  lines  of  the  0-2  band.  An  alternative  mechansim  for  the  modulations  is 
absorption  due  to  rotational  transitions  in  lj.ght  diatomic  molecules.  It  was  recently 
suggested  that  excited-state  absorption  of  N„  is  significant  in  the  353-nm  lasing 
band  when  a  substantial  amount  of  is  added  to  the  gas  mixture.^  Another 

possible  mechanism  for  these  modulations  will  be  considered  below. 


6  T 

The  small-signal  spectrum  of  the  0-3  band  computed  using  the  REXKAL  code  ’  is 
shown  in  Figure  9-  The  spectro^cepic  constants  used  in  this  calculation  are  those 
reported  by  Tellinghuisen  et  al^’  ’^..,.The  four  branches,  R  ,  R„,  P  ,  and 
and  the  corresponding  bandheads  for  ^^XeF  are  shown  in  Figure  10.  ®There  are  very 
small  wavelength  shifts  and  a  slight  broadening  of  the  transitions  due  to  the  multitude 
of  naturally  occurring  isotopes  of  xenon.  The  calculated  small-signal  gain  in  Figure  9 
includes  these  pressure  broadening  and  isotopic  blending  effects,  ’  which  are 
insufficient  to  completely  smooth  the  structure  of  the  gain  spectrum. 


The  1-.J3  time  integrated  high-resolution  spectrum  displayed  in  Figure  8  shows 
several  clusters  of  rotational  lines  and  suggests  rotatlonally  inhomogeneous  laser 
extraction.  This  type  of  broad^coraplex  spectral  structure  has  also  been  observed  in 
short-pulse  (~50ns)  experiments^  at  moderate  to  high  spectral  r|^olutlon. 

Furthermore,  low  spectral  resolution  (~1A)  gated-OMA  experiments^  have  shown  that  the 
broad  emission  in  our  experiments  occurs  even  during  100-ns  time  windows.  From  these 
observations  we  conclude  that  the  inhomogeneous  lasing  seen  in  Figure  8  is 
representative  of  the  spectra  for  much  shorter  time  intervals,  less  than  tens  of 
nanoseconds,  and  an  indication  of  restricted  XeP  rotational  relaxation.  This  conclusion 
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is  further  corroborated  by  the  recently  reported  spectral  sweep  observed  in  XeP.^^ 

In  addition,  a  comparison  of  the  structure  in  the  experimental  laser  spectrum  of 
Figure  8  with  the  structure  of  the  theoretical  small-signal  gain  spectrum  of  Figure  9 
shows  that  the  moderate  undulations  in  the  small-signal  gain  spectrum  appear  to  be 
accentuated  in  the  laser  spectrum.  This  accentuation,  if  not  caused  by  absorption  or 
cooperative  lasing  on  hlgh-J  (0-2)  lines,  could  be  interpreted  as  due  to  wavelengths 
with  slightly  higher  gain  accessing  neighboring  rotational  states  to  some  extent  but  not 
enough  to  lead  to  truly  rotationally  homogeneous  narrowband  emission.  The  energy  stored 
in  XeP  resides  in  a  multitude  of  rotational  states  which  must  be  collisionally  coupled 
on  time  scales  that  are  short  compared  to  the  stimulated  emission  rate  for  narrowband 
emission.  Thus  the  appearance  of  several  clusters  (or  even  a  broad  smooth  distribution) 
of  rotational  lines  lasing  relatively  independently  suggests  that  the  rotational 
relaxation  rates  may  be  too  alow  in  the  B  and/or  X  states  to  allow  narrowband  lasing. 
This  hvpol^^esis  is  supported  not  only  by  the  recently  reported  spectral  sweep  observed 
in  XeP^  ’  but  also  the  well-known  difficulty  in  achieving  i  ff iclgnt 
injection-locking  when  the  small-signal  gain  =>>  threshold  gain . 

Another  observed  feature  of  the  spectrum  may  be  plausibly  explained 
by  examining  the  relative  positions  of  the  rotational  bandheads  in  the  353  nm  band. 
Although  lasing  is  observed  at  3531. 6A,  ^hich  is  the  R„  bandhead,  it  is  consistently 
much  weaker  than  that  observed  at  3531.8A,  which  is  the  R  bandhead.  Both  bandheads 
originate  from  the  lower  rotational  levels  of  the  XeF(B,v^=0)  manifold.  While  the 
computed  small-signal  gain  Indicates  that  the  gain  is  only  slightly  larger  at  the  R 
bandhead,  lasing  on  the  R„  bandhead  is  significantly  suppressed.  As  shown  in  Piguri 
10  the  low-J  R«  bandhead  at  3531-6(1  is  located  at  the  far  left  of  the  rotational 
structure  and  does  not  overlap  spectrally  with  the  other  branches,  while  the  R 
bandhead  near  3531.8a  overlaps  with  the  P  ,  P„,  and  R„  branches  of  the  0-3  band. 

Thus  lasing  at  3531. 8^  (R  bandhead)  optically  accesses  XeP  molecules  in  both  the  e 
and  f  spin  states,  whereat  lasing  at  3531.6)1  ( R^  bandhead)  does  not  optically  access 
both  spin  states.  Since  the  e  and  f  spin  states  are  optically  coupled  at  the  R 
wavelength  but  not  at  the  R~  wavelength,  saturation  at  the  R  bandhead  at  3531. is 
expected  to  be  more  efficient  than  at  the  Rf,  bandhead  at  3531.6^  and  may  in  turn 
suppress  Rj^  lasing.  Colllsional  spin  relaxation  between  the  e  and  f  branches 
could  also^cause  depletion  of  the  f  levels  when  the  R  bandhead  begins  to  lase. 

This  tends  to  reduce  the  gain  of  the  R„  bandhead.  However,  the  rates  for  colllsional 
spin  relaxation  are  expectd  to  be  much  slower  than  spin  conserved  rotational  relaxation 
and,  as  will  be  noted  below,  the  laser  spectrum  at  351  nm  tends  to  imply  slow 
colllsional  spin  relaxation. 

B.  351-nm  Emission 

The  351-nm  emission  includes  rotational  transitions  of  both  the  (B,v’  =  l)  — ► 
(X,v"=4)  and  (B,v'=0) — ►(X,v"=2)  bands  of  XeP.  A  typical  high-resolution  spectrum  of 
the  351-nm  lasing  emission  obtained  with  the  REBEb  laser  at  elevated  temperature  is 
shown  in  Figure  11.  A  REXKAL  small-signal  gain  spectrum  is  shown  in  Figure  12,  while  in 
Figure  13  are  shown  the  corresponding  l-*t  and  0-2  rotational  branches  and  bandheads 
which  can  be  correlated  with  the  peaks  of  Figures  11  and  12.  A  very  striking  feature  of 
the  REBEb  laser  spectrum  is  the  lack  of  significant  lasing  at  3510.5  and  3510.9^,  where 
the  predicted  small-signal  gain  is  large. 

The  lack  of  significant  lasing  in  our  data  at  3510.5  and  3510.9^  compared  to  what 
might  be  expected  on  the  basis  of  the  small-signal  gain  calculation  may  be  understood  by 
reference  to  Figure  13-  The  lower  levels  at  these  wavelengths  are  centered  at  a 
rotational  quantum  number  of  15  for  the  Rp  branch  and  5  for  the  R  branch.  Since 
these  rotational  states  are  relatively  far  from  the  dissociation  "limit,  during 
long-pulse  lasing  a  population  will  build  up  in  these  states  and  l.asing  action  at  these 
two  wavelengths  will  be  affected  by  lower-level  bottlenecking.  Then  lasing  might  shift 
to  other  spectral  regions  able  to  sustain  gain  during  s-aturated  extraction  (e.g.,  high  J 
bandheads,  see  below). 

Some  Insight  into  other  possible  mechanisms  for  the  suppression  of  lasing  at  these 
wavelengths  can  be  seen  by  referring  to  the  energy  level  diagrams  of  Figures  14  and  15. 
Strong  lasing  in  the  0-3  band  at  3531.8  -  3533.0A  can  decrease  the  gain  on  the  low-J 
R  and  R-,  bandheads  of  the  1-4  band  by  two  related  mechanisms.  First,  the  0-3 
lislng  emission  originates  from  the  rotational  states  of  the  v'=  0  level  for  J  values 
up  to  30,  as  shown  in  Figures  8  and  10.  Due  to  the  finite  rate  of  rotational 
relaxation,  lasing  tends  to  depopulate  the  molecules  with  J  above,  but  near  J~30,  more 
than  those  above,  but  far  from  J  ~30.  Rotational  states  in  the  vicinity  of  T  ~45  of 
the  v'=0  level,  which  are  depleted  by  stimulated  emission,  are  expected  to  be  rapidly 
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replenished  by  the  eff icient.wibrational-rotational  (V-R)  energy  transfer  from  .1=1 
-15  of  the  v’=l  level.  This  transfer  will  be  especially  rapid  for  the  low 

rotational  states  of  the  v'=l  level  due  to  the  high  density  of  states  and  their  near 
resonance  with  the  v'=0  rotational  states.  Consequently  the  low-lying  rotational 
states  of  the  v'=l  level  are  indirectly  depleted  by  V-R  transfer  associated  with  0-3 
lasing,  which  in  turn  reduces  the  gain  at  the  low-J  R^  and  R  bandheads  of  the  1-4 
band.  This  cascading  process  is  lllustratred  in  Figure  14.  ^Second,  a  reverse  effect 
would  occur  in  the  XeF(X)  state.  The  0-3  lasing  fills  the  rotational  states  up 
through  J ~ 30  of  the  v"=3  level.  The  V-R  relaxation  in  the  XeP  system  is  expected 
to  be  somewhat  slower  than  in  the  HF  system  due  to  its  larger  reduced  mass.  However, 
because  of  the  small  energy  defects  of  these  rotational  states  and  the  low-lying 
rotational  states  of  the  v"=4  level,  near-resonant  V-R  energy  transfer  between  them 
would  be  efficient,  as  indicated  schematically  in  Figure  I5.  This  V-R  relaxation  will 
tend  to  overpopulate  the  low-lying  rotational  states  of  the  v”=4  level  and  decrease 
the  gain  on  the  corresponding  1-4  transitions.  Thus  0-3  lasing  can  decrease  the  gain  on 
the  low  J  transitions  of  the  1-4  band  by  a  combination  of  two  effects:  depletion  of  the 
upper  lasing  level  low-lying  rotational  populations  and  a  corresponding  buildup  of  the 
lower  lasing  level  low-lying  rotational  population.  The  combination  of  these  two 
processes  is  believed  to  be  largely  responsible  for  the  absence  of  lasing  at  3510.5  and 
3510.9^  when  the  0-3  band  lases  for  the  conditions  of  the  present  experiments. 

In  contrast.  Figure  11  demonstrates  intense,  relatively  narrow-band,  lasing  at 
3511. 2A  and  3512. 6A.  Reference  to  Figure  13  shows  clearly  that  these  peaks  strongly 
correlate  with  the  high-J  (l.e.,  .I~50)  R„  and  R  rotational  bandheads, 
respectively,  of  the  1-4  band.  Although  these  high-J  rotational  transitions  are 
relatively  unaffected  by  the  V-R  energy  transfer  process  associated  with  the  0-3  lasing 
discussed  above,  vibrational-translational  (V-T)  energy  transfer  will  never-the-less 
tend  to  populate  the  v"=4  level.  Lasing  (1-4)  transitions  with  J^52  are-unbound  and 
should  have  ground  states  lifetimes  of  order  of  a  vibrational  period,  <10  '^s.  The 

1-4  lasing  transltins  between  40  <  J  <  50  terminate^^on  rotational  resonances  which  are 
bound  only  by  a  small  rotational  barrier  (<  lOOcm”"^)  in  the  effective  ground-state 
potential,  or,  alternatively  viewed,  terminal^  gn  bound  levels  within  about  +kT/2  of 
the  dissociation  limit.  Telllnghulsen  et  al,  ’  have  noted  that  the  rotational 
resonances  lying  above  the  dissociation  limit  can  predissociate.  More  importantly, 
molecules  near  the  dissociation  limit  can  dissociate  quite  rapidly  via  collisions  at 
high  density.  Collision-induced  dissociation  rates  for  molecules  whose  energies j^are  in 
the  range  ID  +  kT/2)  were  calculated  by  Yang  et  al,^^  to  be  of  the  order  of  10~ 
to  10”^  cm'^/s.  At  laser  medium  densities  of  3-*<  Amagat,  these  rates  correspond  to 
ground-state  lifetimes  of  0.01-0,1  ns.  Regardless  of  the  predissociation  rates  fog 
v"=4,  40  <  J  <50,  levels  (very  sensitive  to  the  details  of  the  effective  potential‘s 
and  J),  the  collislonal  dissociation  rates  appear  to  be  sufficiently  fast  to  ameliorate 
bottlenecking. 

Since  the  hlgh-J  rotational  states  of  the  v"=4  level  can  dissociate  efficiently, 
the  effective  ground-state  lifetime  for  these  high-J  levels  is  much  shorter  than  the 
low-J  v"=4  levels  or  most  levels  of  v"=2  or  3,  and  lasing  at  3511. 2S  might  be 
expected  to  be  more  efficient  than  at  other  wavelengths.  Similarly,  the  lasing  at 
3512. 6A,  which  correlates  strongly  with  the  1-4  high-J  R  bandhead,  presumably  should 
be  enhanced  by  reduced  bottlenecking  in  the  lower  levels?  However,  from  Figure  13,  it 
is  clear  that  the  1-4  R-branch  high-J  bandheads  are  optically  coupled  with  the  gain  (or 
loss)  associated  with  other  low-  to  intermedJ,ate-J  1-4  branches.  And  furthermore, 
lasing  at  the  1-4  hlgh-J  R  bandhead  (3512. 6A)  also  couples  to  the  net  gain  (or  loss) 
associated  with  several  O-f  transitions  at  J-value^  between  10  and  25.  On  the  other 
hand,  lasing  at  the  1-4  high-J  R-,  bandhead  (3511.2A)  does  not  access  any  0-2 
transitions.  The  low-J  spectral^ components  at  the  high-J  (1-4)  bandheads  may  affect  the 
extraction  efficiency  to  varying  degrees  at  the  e  and  f  line.s  at  different 
temperatures . 

-  o 

The  coupling  to  0-2  transitions  at  3512. 6A  is  probably  the  reason  for  the  absence 
of  emission  there  at  300  K  (see  Figure  2).  The  reason  for  rather  low  energy  at  the., 
3511. 2^  bandhead  is  discussed  below.  In  these  experiments  at  approximately  90kW/cm^, 
the  300°K  lasing  at  3511.2^  occurred  at  a  low  level  throu^^out  the  1  .i  sec  pulse  in 
contrast  to  the  behavior  observation  at  higher  pump  rate."  The  temporal  dependence 
of  the  351-nm  emission  and  the  353/351  energy  ratio  appear  to  be  very  sensitive  to  pump 
rate  and  small  signal  to  threshold  gain  ratio.  The  narrowness  of  spin-split  351-nm 
peaks  is  attributed  to  fast  rotational  relaxation  in  the  B  state^  in  conjunction 
with  rapid  X  state  dissociation  for  at  least  the  hlgh-J  component.  The  persistence  of 
lasing  at  both  e  and  f  h^gh-J  bandheads  manifests  a  spin  inhoraogeneity  due  to  slow 
collislonal  spin  relaxation. 
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C.  Discussion  of  Improved  Efficiency  at  Higher  Temperature 

As  was  seen  in  Figure  6,  the  improved  efficiency  of  the  XeF  laser  at  elevated 
temperature  results  from  an  increase  in  energy  in  the  351-nm  band.  In  particular,  the 
growth  of  the  two  narrow  spikes  at  351 . 12-nm( '•  ^ )  and  351  •  26-nm( ■  ^ )  account  for  most 
of  the  Increase  with  some  weak  emission  occurring  between  the  spikes.  As  was  noted 
above,  the  emission  at  351.12-nm  is  due  to  pure  v'=l  — ►  v"=4  transitions,  primarily 
many  overlapping  lines  of  the  high-J  bandhead  of  the  R„  branch.  The  351.26-nm 
emission  is  due  to  a  combination  of  the  high-J  R  bandhead  of  the  1-4  transition, 
other  low-J  (1-4)  components,  and  overlapping  lines  (10-  J  '25)  of  the  0-2  transition. 

1.  \ ^  =  351.12-nm 

The  overlapping  high-J  1-4  transitions,  which  terminate  on  rotational  resonances 
in  the  X  state  and  account  for  about  60!?  of  the  calculated  small-signal  gain,  are 
expected  to  dominate  the  energy  extraction  at  Though  lasing  at  '  .  couples 

weakly  to  some  low-J  (1-4)  transitions  there  is  no  coupling  to  the  more  highly  bound  0-2 
transitions.  Therefore,  it  seems  unlikely  that  the  dramatic  increase  in 
elevated-temperature  energy  extraction  at  >.  -  can  be  completely  attributed  to 
decreased  bottlenecking  in  the  X  state.  Rather,  it  appears  that  shifts  in  the  B 
state  vibrational  and  rotational  populations,  and  faster  V-R,  V-T,  and  R-T  rates  play  an 
important  role. 

As  temperature  increases,  the  vibrational  population  of  XeP(B,v'=l)  tends  to 
increase  due  to  enhanced  vibrational  Boltzmann  factors  for  the  B  state  population  and, 
perhaps,  an  increased  B/C  population  ratio.  Because  the  rotational  levels  of  the  XeF(B) 
state  are  closely  spaced,  there  is  also  a  significant  shift  to  higher  J  as  the 
temperatue  increases  and  the  rotational  population  Increases  for  high-J.  These  effects 
tend  to  increase  the  upper  level  populations  available  for  lasing  at  .  The  small 
signal  gain  at  a  is,  therefore,  expected  to  Increase  somewhat  as  the^temperature  is 
increased  simply  due  to  population  shifts  in  the  B  state. 

This  effect  may  at  least  partially  explain  the  increase  of  small  signal  net  gain 
with  temperature  seen  in  earlier  experiments  by  Champagne  using  an  argon-ion  laser  probe 
at  351.11-nm.  In  those  studies,  a  strong  absorption  at  room  temperature  in  pure  Ne 
plasmas  was  seen.  However,  addition  of  NF.,  or  Xe  to  the  Ne  dramatically 
decreased  this  absorption.  A  further  reduction  in  absorption  in  Ne/Xe  and  Ne/NP^ 
binary  mixtures  at  351.11-nm  was  observed  as  the  temperature  was  increased  to  150  C.  As 
noted  above  ,  substantial  increases  in  small  signal  net  gain  in  mixtures  of 
Ne/Xe/NP.,  was  noted‘s.  However,  the  magnitude  of  the  increased  gain  appeared 
greater  than  could  be  explained  due  to  decreased  background  absorption  alone.  The 
combined  effect  on  background  absorption  at  351-nm  of  the  addition  of  both  Xe  and 
NP^  to  Ne  has  not  been  determined  experimentally.  Since  the  addition  of  either 
specie  alone  to  Ne  was  seen  to  drastically  decrease  background  absorption  even  at  room 
temperature,  one  might  expect  that  the  addition  of  both  species  together  would  reduce 
absorption  more  than  either  alone. 

Extensive  modeling  by  Finn  et  al,^^  and  Yang  et  al,^’^  has  revealed  that  the 
on  lif  specie  that  decreases  significantly  when  Xe  or  NP.,  is  added  to  Ne  is 
Nep  .  Cha^pagnejjattrlbutes  the  narrowband  absorption  to'^excited  atom 
absorption‘s,  Ne  .  In  either  case^^the  most  probable  candidate  absorber  is  expected 
to  be  related  to  neon.  Finn  et  al"^^  and  Yang  et  al°  both  predict  that  the  broadband 
absorption  in  laser  mixtures  at  351.11-nm  is  relatively  low  (gain/loss  •  10)  at  room 
temperature.  Further  modest  reduction  at  elevated  temperature  would  not  greatly 
Increase  net  gain  or  lasing  efficiency. 

In  an  attempt  to  clarify  the  situation,  e-beam  pumping  of  Ar/Xe/NF.,  mixtures 
was  carried  out  to  see  if  351-nm  band  lasing  could  be  observed  at  room  temperature. 

Since  no  neon  was  present  and  there  are  no  known  argon  or  argon-related  narrowband 
absorbers  at  351-nm,  there  should  have  been  no  strong  selective  absorber  to  inhibit 
351-nm  lasing.  No  significant  lasing  at  351-nm  was  observed.  In  fact,  the  energy 
ratio  E( 351-nm)/E( 353-nm)  appeared  even  smaller  in  argon  than  neon. 

Therefore,  we  conclude  that  the  increase  in  small  signal  net  gain  at  '  .. 
observed  with  increasing  temperature  is  due  primarily  to  a  real  increase  in  gain  due  to 
population  shifts  rather  than  to  a  significant  decrease  in  background  absorption.  The 
Increased  small-signal  gain  at  ■■-,  with  a  corrresponding  increase  in  v'=l 
production  rate  due  to  faster  V-T,  R-T,  and  V-R  relaxation  in  the  B  state, 
supports  more  efficient  extraction  by  Increasing  the  effective  gain  to  loss  ratio  and 
saturation  intensity. 
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2.  =  351.26  nm 

The  narrowband  lasing  emission  at  351.26  nm  is  even  more  complex.  Both  high-J 
transitions  of  the  (1-4)  R  bandhead,  (1-4)  „  (18-  J  -27)  lines  and 

overlapping  0  -  2(10  <25)  lines  are  contribilt ing . 

The  high-J  1-4  transitions  are  to  lower  weakly  bound  states  (as  at  ■ . )  and 
should  not  be  significantly  affected  by  bottlenecking  at  any  temperature.  However,  the 
gain  would  be  enhanced  at  high  temperature  by  a  population  shift  in  the  upper  states 
analogous  to  that  described  at  x,.  The  0-2  transitions  at  do  go  to  more 

strongly  bound  lower  states,  therefore,  a  global  Increase  in  the"^  XeF(X)  dissociation 
rate  with  temperature  would  decrease  bottlenecking  and  improve  lasing  for  this  component 


Thus  at  X  several  mechanisms  appear  to  improve  energy  extraction  as  the 
temperature  is  raised.  B-  and  C-  state  population  shifts  and  enhanced  V-T/V-R/R-T 
relaxation  improve  the  1-4  lasing  component.  Additionally,  a  global  ground  state 
dissociation  rate  increase  Improves  bound  low-J  (1-4)  and  (0-2)  lasing  contributions. 

In  view  of  the  substantial  differences  in  low-J  gain  (or  loss)  contributions 
at  X  ^  and  A  ,  it  is  not  obvious  that  the  energy  partitioning  between  >•  . 
and  X  should  oe  about  equal  as  appears  to  be  qualitatively  inferred  by  the  film 
spectra  of  Figures  3-5.  Only  minor  differences  in  the  film  spectra  peak  heights  were 
observed  with  factor  of  two  changes  in  relative  Xe  and/or  NF..  concentration.  Due 
to  the  difficulty  in  Interpreting  film  spectra,  we  are  reluctant  to  draw  conclusions 
about  the  relative  Importance  of  ground  state  dissociation  versus  upper  state  effects 
with  respect  to  enhanced  351-nm  emission  at  elevated  temperature. 

Summary 


A  correlation  between  the  experimental  lasing  spectra,  the  theoretical 
small-signal  gain,  and  the  rotational  branch  structure  of  XeF  has  been  described.  The 
absence  of  lasing  at  the  low-J  spin-split  bandheads  of  the  XeF(B,v'=l)  to 
XeP(X,v"=4)  rovlbronlc  transitions  can  be  explained  by  near-resonant  V-R  energy 
transfer  associated  with  lasing  at  353-nm  on  the  XeP(B,v'=0)  to  XeF(X,v"=3) 
transitions.  Strong  narrowband  lasing  on  the  highs-J  spin-split  bandheads  of 
XeF(B,v'=l)  to  XeF(X,v"=4)  at  3511.2  and  3512. 6A  is  attributed  to  rapid  collisional 
dissociation  of  the  high-J  lower  laser  levels  near  the  dissociation  limit  and  rapid 
rotational  relaxation  in  the  XeP(B)  state.  Comparable  lasjng  intensities  at  the  two 
high-J  (1-4)  R.  and  R  spin  bandheads  (3511.2  and  3512. 6a)  manifest  a  clear  spin 
Inhomogeneity  and  appears  to  indicate  relatively  slow  collisional  spin  mixing  rates  for 
the  XeP(B)  state.  The  collisional  spin  mixing  rate  may  affect  the  ability  to  obtain 
efficient  single  narrow-line  lasing  in  the  351-nm  band.  The  essential  absence  of  lasing 
at  the  low-J  R„  bandhead  of  the  XeF(B,v’=0)  to  XeP(X,v"=3)  transition  is  likely 
due  to  optical^coupling  at  similar  and  low-J  of  the  two  spin  states  for  the  (0-3) 
transition,  a  mechanism  which  seems  much  less  effective  in  the  high-J  (1-4)  case  due  to 
a  large  J  difference  between  R^  and  R^  at  3511. 2^. 

The  improved  efficiency  of  the  XeF  laser  at  elevated  temperature  results  from 
increased  energy  in  the  351-nm  band.  This  behavior  was  not  found  to^^e  very  sensitive 
to  mix  variations  of  a  factor  of  two  in  Xe  and  NF  concentration.  The 

enhancement  results  from  upper  state  population  shifts  and  faster  relaxation  rates  as 
well  as  faster  ground  state  relaxation  for  low-J  components  of  gain  (or  loss)  at  the 
observed  wavelengths  of  strong  emission. 
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Spectral  Sweep  in  an  Electron  Seam  Pumped  XeF  Laser 

D.  G.  Harris,  D,  H,  Burde ,  R,  J.  Malins,* 
and  J.  H.  Tillotson** 

Rockwell  International-Rocketdvne  Division 
Canoga  Park,  California  91304 


Abstract 

A  spectral  sweep  in  the  353  nm  band  of  an  electron  beam  pumped  XeF  laser  has  been 
investigated.  The  time-integrated  lasing  spectra  broadens  as  the  pulse  length,  electron 
beam  pump  rate,  and  intracavity  flux  are  increased.  Several  nossible  exnlanations  are 
discussed. 


The  XeF  laser  is  an  efficient  source  of  near-ultraviolet  (UV)  radiation  (Ref.  1,2). 
However,  many  proposed  anplications  require  a  spectral  linewidth  that  is  considerably 
narrower  than  that  obtained  from  a  free-running  laser.  Inj ection- locking  has  been 
demonstrated  to  be  a  practical  technique  for  controlling  the  linewidth  of  high  power 
lasers  (Ref.  3).  The  efficiency  with  which  this  technique  can  extract  energy  in  a  narrow 
bandwidth  depends  on  the  vibrational  and  rotational  relaxation  rates  relative  to  the  stim¬ 
ulated  emission  rate.  Unfortunately,  there  is  little  information  available  about  the 
rotational  relaxation  rates  of  the  low  lying  vibrational  levels  of  the  XeF(B)  electronic 
state  that  are  of  importance  to  laser  action.  We  have  attempted  to  gain  some  insight  into 
the  degree  of  inhomogeneous  broadening  of  an  electron  beam  pumped  XeF  laser  by  investiga¬ 
ting  the  spectral  evolution  of  the  353  nm  band  of  the  lasing  radiation. 

These  experiments  were  performed  using  an  electron  beam  ntmiped  XeF  laser  at  the 

Rocketdyne  Experimental  Laser  Laboratory.  This  device  is  a  versatile  research  tool  having 

a  variable  pulse  length  (0.25  to  1.0  microsecond)  and  adjustable  electron  vun  voltage 
(270  to  390  kV).  The  electron  gun  is  driven  by  a  three-stage  Marx  bank  and  yields  currents 
at  the  anode  foil  of  anproximately  10  amp/cm2.  The  laser  chamber  consists  of  a  monel  box 
114  cm  long  with  a  10  x  10  cm2  clear  aperture  along  the  lasing  axis.  This  chamber  is 
separated  from  the  high  vacuum  electron  gun  chamber  by  a  Ti  alloy  foil  mounted  on  a  hibachi 
frame.  An  interior  shroud  of  Ni-plated  copper  limits  the  volume  pumped  by  the  electron 
beam  to  100  x  10  x  10  cm  .  An  800’-Gauss  magnetic  guide  field  is  employed  to  improve  pumping 
uniformity  of  the  .gas.  The  laser  was  onerated  at  room  temoerature  with  a  mixture  of 
NFg/Xe/Ne  in  the  ratio  of  2/6/2600  at  a  total  pressure  of  3.4  atm. 

A  schematic  of  the  experimental  apparatus  is  shown  in  Figure  1.  The  principal  diagnos¬ 
tic  instrument  for  these  experiments  was  the  optical  multichannel  analyzer  (OMA  2  System, 
EG&G  Princeton  Applied  Research).  With  this  instrument,  we  were  able  to  obtain  data  on 
the  353  nm  band  of  XeF  as  either  a  50ns  time  slice  of  the  lasing  spectrum  or  a  time 
integrated  spectrum  of  the  full  lasing  tjulse.  The  detector  head  was  mounted  on  a  0.3  meter 
monochromator  operated  in  second  order  with  a  2400  1/mm  grating.  High  resolution,  time- 
integrated  spectra  were  simultaneously  obtained  on  Polaroid  type  55  positive/negative  film 
using  a  1-meter  monochromator  with  a  1200  1/mm  grating  used  in  fourth  order.  These  spec¬ 
tra  also  showed  weak  lasing  on  the  351nm  band  of  XeF.  To  monitor  the  consistency  of  the 
lasing  operation,  voltage  and  current  waveforms  of  the  electron  gun  were  obtained  on  each 
shot.  In  addition,  the  temnoral  profiles  of  the  353  and  351nm  bands  were  monitored 
using  appropriately  filtered  vacuum  photodiodes.  The  voltage,  current,  and  photodiode 
waveforms  were  displayed  on  high  speed  oscilloscopes.  The  lasing  energy  was  measured  with 
a  volume  absorbing  calorimeter.  The  energy  deposited  by  the  electron  beam  was  determined 
by  the  pressure  rise  technique  using  a  10,000  Torr  MKS  Baratron.  For  typical  operating 
conditions,  the  average  pov/er  deposited  into  the  laser  mixture  by  the  electron  beam  was 
approximately  90kW/cm3. 

During  the  initial  experiments,  the  integrated  lasing  spectrum  of  the  353nm  band  was 
measured  for  several  pulse  lengths .  These  experiments  were  performed  with  a  confocal 
unstable  resonator  of  magnification  2.7.  Data  from  the  OMA  are  shown  in  Figure  2  for 
pulse  lengths  of  250,  500,  and  750ns.  There  is  a  distinct  trend  in  these  data:  as  the 
pulse  length  increases,  the  red  portion  of  the  353nm  band  is  progressively  more  accen¬ 
tuated.  Emission  in  this  band  is  due  to  transitions  between  the  v  =  0  to  v  =  3 
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rotational  manifolds  of  the  XeF(B-X)  transition.  This  shift  represents  a  shift  to  higher 
rotational  levels  as  the  pulse  evolves.  This  trend  was  confirmed  by  the  high  resolution 
film  spectra.  Further  experiments  were  carried  out  using  the  OMA  to  obtain  time  slices 
of  the  lasing  spectrum.  The  OMA  gate  was  set  to  obtain  a  50ns  wide  snapshot  during  a 
lasing  pulse.  By  varying  the  delay  between  the  initiation  of  the  laser  and  the  gating  of 
the  detector  window,  a  series  of  snapshots  of  the  lasing  spectra  were  taken,  which  spanned 
the  entire  lasing  pulse.  The  pulse-to-pulse  reproducibility  of  the  laser  were  verified  by 
the  data  from  the  other  diagnostics.  Characteristic  results  are  shown  in  Figure  3  for  the 
M  =  2.7  unstable  reson.itor.  These  data  show  a  definite  shift  of  the  spectrum  to  the  red 
portion  of  the  band  as  the  pulse  progresses.  The  time  slicing  and  pulse  length  variation 
experiments  were  repeated  with  two  additional  resonator  configurations  that  provided  higher 
intracavity  flux;  a  50  percent  feedback  stable  resonator  and  a  70  percent  feedback  stable 
resonator.  These  data  show  spectral  sweeps  similar  to  that  observed  with  the  unstable 
resonator . 

To  compare  the  data  from  several  resonator  configurations ,  the  spectral  sweep  was 
quantified  by  dividing  the  353nm  band  into  five  equal  wavelength  regions.  The  number  of 
detector  counts  in  each  wavelength  region  was  determined  and  then  divided  by  the  total 
number  of  counts  in  the  entire  band.  Since  the  OMA  curve  represents  time-integrated 
intensity,  i.e.,  energy  emitted  during  the  time  that  gated  detector  is  on,  the  resulting 
numbers  measure  the  fraction  of  energy  emitted  in  each  wavelength  segment  during  the  period 
of  the  detector  gate.  This  procedure  was  carried  out  for  each  time  slice  and  for  each  of 
the  resonator  configurations.  The  results  are  presented  in  Table  1  and  a  graph  of  some  of 
the  data  are  shown  in  Figure  4.  It  is  apparent  from  Table  1  and  Figure  4  that  the  magni¬ 
tude  of  the  spectral  sweep  as  well  as  the  speed  with  which  it  occurs  increases  with  the 
resonator  feedback  (i.e.,  as  intracavity  flux  increases). 

That  a  pulsed  laser  may  exhibit  a  time-dependent  lasing  spectrum  is  not  a  new  concept. 
The  behavior  observed  in  XeF  is  reminiscent  of,  but  may  not  be  necessarily  related  to, 
that  seen  in  other  types  of  pulsed  lasers.  For  instance,  smooth  and  continuous  shifts  of 
the  lasing  wavelength  are  well  know  effects  in  pulsed  dye  lasers  (Ref.  4,5).  In  addition, 
the  evolution  seen  here  for  XeF  is  similar  to  the  line  hopping  phenomena  observed  in 
pulsed  chemical  lasers  (Ref.  6,7). 

Bottlenecking  of  the  lower  level  and  depletion  of  the  upper  level  are  two  possible 
mechanisms  that  could  contribute  to  the  observed  spectral  sweep.  (A  50°K  temperature 
rise  is  the  maximum  that  can  occur  in  the  gas  during  the  laser  pulse  from  the  electron 
beam.  Boltzman  population  shifts  due  to  this  temperature  rise  are  insufficient  to  account 
for  the  observed  spectral  shift) .  In  the  case  of  a  bottlenecking  mechanism,  the  stimulated 
emission  rate  exceeds  the  rate  of  ground  state  removal.  As  particular  rotational  states 
of  the  lower  laser  level  become  filled,  the  lasing  action  shifts  to  adjacent  states  in 
the  upper  rotational  manifold.  Recent  numerical  and  thermodynamical  calculations  modeling 
pulsed  chemical  lasers  have  shown  that  bottlenecking  can  cause  spectral  sweeps  even  if 
rotational  equilibrium  is  maintained  in  both  uppc'"  and  lower  laser  levels  (Ref.  8,9). 

Upper  state  depletion  can  result  when  the  stimulated  emission  rate  exceeds  the  rate  at 
v/hich  an  upper  lasing  rovibrational  state  is  filled  bv  relaxation  from  adjacent  states. 
Consequently,  the  upper  lasing  level  is  emptied  and  lasing  shifts  to  adjacent  transitions 
in  the  rotational  manifolds. 

Neither  of  these  possible  mechanisms  is  consistent  with  our  observations.  Increased 
pulse  length  allows  a  longer  time  for  the  spectral  sweep  to  occur  by  both  mechanisms  and 
would  consequently  result  in  a  broader  spectrum.  The  increased  cavity  flux  caused  by  the 
higher  resonator  feedback  increases  the  stimulated  emission  rate  and  hence  can  terminate 
lasing  on  a  particular  transition  by  more  rapidly  emptying  an  upper  state  (depletion)  or 
more  rapidly  filling  the  lower  state  (bottlenecking). 

As  a  further  examination,  spectra  were  taken  by  varying  the  pumping  rate  (electron  gun 
current)  while  maintaining  a  constant  500ns  pulse  length.  An  attemot  was  also  made  to 
measure  the  spectral  and  temporal  dependence  of  the  sidelight  fluorescence.  This  fluo¬ 
rescence  is  a  monitor  of  the  upper  state  population.  It  was  found  that  the  sweep  increased 
with  increasing  pumping  rate,  resulting  in  a  wider  time-integrated  bandwidth.  Unfortun¬ 
ately,  the  result  of  the  sidelight  fluorescence  were  not  conclusive,  so  that  it  was  not 
possible  to  correlate  the  rate  of  wavelength  sweep  with  an  upper  state  population  redis¬ 
tribution  . 

It  is  unclear  if  either  of  the  above  mentioned  mechanisms  can  account  for  the  observed 
spectral  sweep  because  of  the  complicated  nature  of  the  XeF  spectrum.  The  XeF  rotational 
lines  are  closely  spaced  and  collisionally  broadened  to  the  point  of  overlapping.  One 
therefore  does  not  observe  single  rotational  lines  turning  on  and  off  as  in  a  pulsed 
chemical  laser  but  rather  a  group  of  lines  that  sweep  in  intensity,  with  the  location  of 
the  group  moving  across  the  manifold.  It  is  this  aspect  of  the  spectrum  that  makes  it 
difficult  to  differentiate  between  the  possible  mechanisms.  In  the  absence  of  detailed 
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rotational  relaxation  information,  an  accurate  kinetics  model  of  this  effect  is  not 
feasible.  We  note  however,  a  recent  phenomenological  model  was  developed  by  Juramy 
et  al . ,  (Ref.  4)  to  analyze  the  spectral  sweep  observed  in  pulsed  dye  lasers.  It  was 
demonstrated  that  if  the  spectral  dependence  of  the  emission  and  absorption  cross  sections 
were  taken  into  account,  then  a  spectral  sweep  follows  naturally  from  a  rate  equation 
description  of  a  homogeneously  broadened  laser.  Moreover,  their  model  predicts  an 
increased  rate  of  spectral  shift  with  increased  cavity  flux. 

In  summary,  we  have  observed  a  spectral  sweep  in  the  353nm  band  of  an  electron  beam 
pumped  XeF  laser.  This  sweep  manifests  itself  as  progressive  broadening  of  the  time- 
integrated  spectrum  as  the  pulse  length,  electron  beam  pump  rate,  and  intracavity  flux 
increase.  The  spectral  evolution  could  result  from  bottleneching  in  the  lower  level  or 
depletion  of  the  upper  laser  level. 
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Table  1.  Analysis  of  Spectral  Red  Shift 


RESONATOR 

TIME  SLICE. 

%  PEAK  AREA  IN  REGION* 

n 

II 

III 

IV 

m. 

UNSTABLE 

0  TO  50 

15.7 

50.3 

27.0 

7.9 

0.8 

(M=2.7) 

100  TO  150 

8.9 

36.8 

34.6 

15.9 

3.7 

200  TO  250 

5.7 

29.2 

34.7 

22.1 

8.3 

300  TO  350 

5.1 

27.0 

34.1 

23.2 

10.6 

400  TO  450 

6.2 

27.8 

33.7 

21.7 

10.6 

STABLE** 

0  TO  50 

17.1 

39.7 

28.9 

11.6 

2.6 

(50%  R) 

100  TO  150 

30.6 

34.1 

6.0 

200  TO  250 

22.1 

32.7 

13.4 

300  TO  350 

m 

21.0 

32.9 

26.9 

15.0 

400  TO  450 

m 

- 

- 

- 

- 

STABLE**' 

0  TO  50 

14.6 

40.4 

29.2 

12.5 

3.3 

(70%  R) 

100  TO  150 

5.5 

26.1 

33.0 

24.6 

10.9 

200  TO  250 

3.5 

20.7 

32.1 

27.8 

15.9 

300  TO  350 

2.4 

20.4 

32.4 

27.7 

17.1 

400  TO  450 

2.6 

20.0 

33.2 

27.0 

17.2 

*The  (0  to  3)  band  was  divided  into  5  eoual  width  wavelength  regions; 
Region  I  is  the  Blue  most  region  and  Region  V  is  the  Red  most  region 
Each  Region  is  about  0.05  nm  wide. 

**For  this  resonator  the  output  coupler  is  a  50%  R  Mirror. 

**For  this  resonator  the  output  coupler  was  a  70%  R  Mirror. 


WAVELENGTH 


Figure  3.  Lasing  spectra  of  353  nin  band  of  XeF  at  several  interval  - 
during  the  lasing  pulse.  Time,  t  =  0,  is  the  beginning 
of  the  e-beam.  An  M  =  2.7  unstable  resonator  was  utilized. 
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gure  4.  Results  of  analysis  of  the  shift  in  wavelength  location 
of  peak  area  for  0  to  3  transition  in  XeF.  Region  II 
is  the  second  most  blue  region.  Region  V  is  the  red 
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Abstract 


We  significantly  increased  the  output  energy  of  an  electron-beam  pumped  Xenon  Flouride 
laser  by  optimizing  certain  electron  gun  and  gas  mix  parameters.  The  optimized  e-gun 
parameters  include  anode-cathode  spacing,  magnetic  field  strength,  and  cathode  voltage. 
The  optimized  laser  gas  parameters  include  NF^concentration ,  Xe  concentration,  and  total 
pressure . 

We  found  that  the  shortest  anode-cathode  spacing  (9  cm),  the  strongest  magnetic  guide 
field  (1600  Gauss),  and  the  highest  cathode  voltage  (375  )<V )  gave  the  highest  laser 
output.  The  optimum  gas  concentrations  were  .05%  NF.,  .3%  Xe,  witli  Ne  added  to  bring  the 
total  gas  pressure  to  60  psia.  The  energy  degraded  by  2%  per  shot  v;ith  this  gas  mix. 


Introduction 


Electron  beams  are  widely  used  to  pump  excimer  lasers  because  of  their  scalability  to 
large  volumes  and  long  pulses.  However,  this  type  of  laser  is  often  unpredictable  and 
unreliable.  Much  controversy  also  exists  over  the  optimum  concentrations  of  NF-,  Xe,  and 
Ne  in  a  Xenon  Flouride  laser.  In  this  work,  we  describe  experiments  to  characterize  the 
electron  gun  and  to  optimize  the  concentrations  of  NF^,  Xe,  and  Ne  in  the  laser  gas 
mixture.  Our  aim  was  to  find  an  optimum  configuration  for  the  laser  in  terms  of  energy 
output  and  reliability. 


Electron  Gun  Optimization 

A  ten-stage  Marx  tank,  actually  a  pulse-forming  network  (PFN)  or  Guillemin  Type  C 
network,  provides  energy  to  produce  the  electron  beam.  An  individual  stage  of  the  Marx 
circuit  can  be  charged  up  to  100  kilovolts  to  provide  a  maximum  voltage  of  1  megavolt  upon 
erection  of  the  ten  stages. 

The  PFN  feeds  a  cold  cathode  covered  with  a  10  x  75  cm  piece  of  carbon  felt.  The 
spacing  between  the  cathode  and  the  anode  (the  hibachi  foil  support)  is  nominally  10  cm, 
but  this  spacing  can  be  reduced  by  inserting  a  spacer  behind  the  cathode.  The  A-K  spacing 
establishes  the  impedance  of  the  diode,  and  therefore  determines  the  fraction  of  the  PFN 
voltage  delivered  to  the  cathode.  For  example,  when  the  A-K  spacing  is  8.9  cm,  a  PFN 
charging  voltage  of  75  kV  per  stage  delivers  a  total  of  312  kV  to  the  cathode.  This 
voltage  produces  a  cathode  current  of  approximately  9,150  amps.  An  external  magnetic 
field  guides  the  electrons  into  the  laser  chamber  and  reduces  scattering  by  the  foil  and 
the  high  pressure  laser  gases  (see  Fig.  1). 

The  cylindrical ly  shaped  laser  chamber  is  125  cm  long  with  a  diameter  of  15  cm.  Since 
the  emitting  area  of  the  cathode  is  only  10  x  75  cm.,  the  e-beam  pumps  less  than  half  of 
the  total  volume  of  gas.  The  energy  deposited  into  the  gas  v/as  determined  by  measuring 
the  pressure  rise  in  the  chamber  due  to  heating  of  the  gas  by  the  e-beam.  Neon  gas  was 
used  for  energy  deposition  measurements  since  it  is  the  major  component  of  the  excimer 
laser  gas  mixture.  Since  neon  fluoresces,  the  rise  in  pressure  accounts  for  only  part  of 
the  total  deposited  energy.  To  estimate  the  loss  to  fluorescence,  we  measured  the 
pressure  rise  with  nitrogen  gas  which  is  essentially  non-f luoryscing .  Allowing  for  the 
slight  differences  in  the  electron  stopping  power  of  the  gases'*,  we  found  the  amount  of 
energy  deposited  in  both  gases  (neglecting  fluorescence)  to  be  approximately  equal. 
Therefore,  the  energy  lost  to  neon  fluorescence  is  small  and  was  neglected  in  our 
determination  of  the  total  deposited  energy  . 

To  study  the  effect  of  the  anode-cathode  (A-K)  spacing  on  laser  output,  the  energy 
deposited  into  the  laser  chamber  was  determined  at  different  separations.  Decreasing  the 
A-K  gap  lowers  the  diode  impedance,  thus  increasing  the  current  emitted  by  tlie  cathode'^. 
This  current  increase  is  somewhat  offset  by  a  decrease  in  the  cathode  voltage  caused  by 
the  lower  diode  impedance  (due  to  the  impedance  mismatch  between  the  PFN  and  the  cathode). 
However,  if  the  A-K  gap  becomes  too  short,  the  cathode  voltage  arcs  directly  to  the  anode 
and  the  diode  shorts;  the  cathode  will  not  produce  an  electron  beam.  Our  measurements 
confirm  that  decreasing  the  A-K  gap  results  in  more  energy  being  deposited  in  the  laser 
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ciiamber.  Table  I  lists  the  results  of  these  measurements.  Although  the  change  in  average 
cathode  voltage  and  current  was  small,  the  energy  deposited  into  the  gas  increased  by  30%. 
Laser  output  also  increased  30%  with  the  smaller  separation. 


TABLE  I.  Effects  of  Anode-Cathode  spacing  on  electron  beam  parameters. 


A-K  Spacing 

Vj^pealt 

E  , 
dep 

( cm) 

(kV) 

(Joules) 

10.2 

9.01 

318 

377 

956 

8.9 

9.15 

312 

353 

1242 

The  strength  of  the  magnetic  guide  field  was  varied  to  determine  its  effect  on  energy 
deposited  into  the  chamber.  As  figure  1  shows,  two  magnets  surround  the  laser  chamber  in 
a  Helmholtz  configuration.  These  magnets  serve  the  dual  purpose  of  guiding  the  electrons 
into  the  laser  chamber  and  of  increasing  an  electron's  effective  path  length  through  the 
gas.  Each  magnet  has  a  maximum  field  strength  of  800  Gauss  (limited  by  the  power 
supply),  so  the  total  B  field  available  is  about  1600  Gauss.  To  vary  the  field  strength, 
one  or  both  of  the  magnets  were  turned  off  or  a  resistor  was  inserted  in  series  with  the 
magnet  to  decrease  the  current.  Figure  2  shows  the  deposited  energy  versus  field 
strength.  The  curve  suggests  that  higher  magnetic  field  strength  would  yield 
significantly  more  energy  deposited  into  the  laser  chamber,  but  we  are  unable  to  explore 
this  with  the  current  configuration. 

Figure  3  depicts  energy  deposited  into  the  laser  chamber  versus  cathode  voltage.  Th^ 
theoretical  curve  was  determined  from  the  Child-Langmuir  prediction  for  current  density  , 
measurements  of  cathode  voltage  and  pulse  width,  and  the  transmission  of  the  hibachi  and 
foil.  We  accounted  for  the  increase  in  current  density  due  to  closure  of  the  diode  using 
a  4-5  cm  per  microsecond  closure  velocity  .  Since  the  A-K  separation  is  on  the  order  of 
one  of  the  cathode  dimensions  and  the  current  density  is  non-”’^iform,  the  Child-Langmuir 
relationship  is  not  strictly  applicable  .  However,  general  trends  are  predictable.  Note 
that  as  cathode  voltage  increases,  the  data  fall  below  the  theoretical  curve  by  an 
increasing  amount.  This  disparity  arises  because  as  cathode  voltage  increases,  the 
kineticgenergy  per  electron  increases  and  more  electrons  impact  the  bac)c  wall  of  the  laser 
chamber”  instead  of  depositing  all  of  their  energy  into  the  gas.  Increasing  the  effective 
stopping  power  of  the  gas  (by  increasing  the  depth  of  the  laser  chamber  or  raising  the 
pressure  of  the  gas)  would  reduce  this  loss. 


Gas  Mix  Optimization 

After  completing  the  characterization  of  the  electron  gun,  v/e  next  optimized  the 
concentrations  of  NF^and  Xe  in  our  gas  mixture.  We  knew  that  an  optimum  concentration  of 
NFj  and  Xe  had  to  exist,  since  both  of  the  gases  produce  absorbing  compounds  when  excited. 
To  find  the  optimum  gas  mix,  we  measured  the  output  energy  of  the  laser  as  the 
concentrations  of  NF^  and  Xe  were  varied.  An  off-axis,  unstable,  confocal  resonator  was 
used  to  extract  the  energy  from  the  gain  medium.  We  aligned  the  resonator  so  that  the 
optical  axis  was  near  the  foil  (and  thus  near  the  electron  gun).  A  Scientec  8"  volume 
absorbing  calorimeter  measured  the  energy  in  the  10x10  cm  output  laser  beam.  Figure  4 
shows  a  diagram  of  the  experimental  set-up. 

VJe  first  varied  the  Xe  concentration,  Iceeping  the  NF-  concentration  constant  at  .085%. 
Figure  5  shows  the  average  output  energy  for  the  first  ten  shots  at  different 
concentrations  of  Xe.  The  laser  produced  the  most  energy  with  only  ,2%  Xe,  a 
significantly  lower  value  than  other  investigators  have  reported. 

Keeping  the  Xe  concentration  constant  at  .3%,  we  next  varied  the  HF-  concentration  from 
.03%  to  .1%.  As  figure  6  shows,  the  laser  produced  the  most  energy  with  the 
NF,  concentration  at  .05%,  which  is  also  lower  than  "normal".  Further  tests  confirmed 
that  the  optimum  concentration  was  indeed  .05%  NF^/  .3%  Xe,  but  .2%  Xe  lowered  the  output 
only  slightly.  We  did  all  of  these  tests  with  the  E-gun  pumping  level  at  1200  Joules  and 
the  total  gas  pressure  at  60  psia.  Additional  tests  indicated  that  this  was  also  the 
optimal  gas  mix  for  a  wide  range  of  pumping  energies.  We  also  measured  the  shot-to-shot 
degradation  of  this  gas  mix.  The  energy  output  of  the  laser  degraded  approx imately  2%  per 
shot,  which  is  typical  of  HF^  gas  mixes^ . 
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op^i^u^  gas  concentrations  were  significantly  lower  than  others  repyyted 
Bre  '  ,  but  our  total  gas  pressure  was  higher.  In  1977  ,  Champagne'^  clair 
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elsewhere*" '  “ '  ^ ,  but  our  total  gas  pressure  was  higher.  In  1977  ,  Champagne'*'*  claimed  that 
an  optimum  number  density  of  NF^  and  Xe  existed  for  XeF  lasers.  If  this  is  so,  then  the 
optimum  concentration  will  change  with  total  pressure.  To  allow  comparison  of  our  results 
with  others  at  lower  pressures,  we  calculated  the  optimum  number  density  (or  partial 
pressure)  of  both  species.  The  corresponding  optimum  number  densities  at  various 
operating  pressures  are  listed  in  Table  2.  Our  results  agree  favorably  with  those  of 
Champagne  (NRL)  and  Feiock  (Maxwell  tabs)  as  shown  in  Table  2  also. 


TABLE  2.  Optimum  Concentrations  of  NF3  and  Xe  at  Various  Total  Pressures. 


5  atm 

4  atm 

3  atm 

%  NF3 

.041 

.051 

.068 

%  Xe 

.16-. 24 

.2-. 31 

.27-. 41 

Maxv;ell  (1984) 

10 

.067%  NF3,  .2% 

Xe 

NRL  (1977)^^ 

.06%  NF3,  .18% 

Xe 

Since  the  laser  gas  has  greater  electron  stopping  power  at  higher  pressure,  the 
electron  gun  deposits  energy  into  the  gas  more  efficiently.  At  lower  gas  pressure, 
however,  the  electron  gun  deposits  energy  more  uniformly  across  the  chamber.  Figure  7 
illustrates  both  of  these  points.  The  data  taken  at  50  psia  show  that  a  significant 
number  of  electrons  reach  the  far  side  of  the  chamber.  Thus,  many  of  the  electrons  strike 
the  far  wall  of  the  chamber  rather  than  depositing  their  energy  into  the  gas.  The  data 
taken  with  a  gas  pressure  of  60  psia  show  that  the  gain  has  decreased  to  almost  zero  at 
the  far  wall  of  the  chamber;  the  gas  stops  almost  all  of  the  electrons.  As  the  two  gain 
curves  in  Figure  7  show,  the  gain  is  more  uniform  across  the  chamber  at  the  lower  gas 
pressure,  but  higher  total  energy  can  be  extracted  at  higher  chamber  pressure. 

The  pressure  of  the  laser  gas  controls  this  trade-off  between  pumping  efficiency  and 
pumping  uniformity.  An  application  requiring  maximum  laser  output  energy  calls  for  the 
highest  possible  gas  pressure,  while  an  application  requiring  maximum  intensity  uniformity 
across  the  beam  would  call  for  a  lower  gas  pressure. 


Conclusion 


Table  3  lists  the  parameters  of  the  laser  when  configured  for  maximum  output  energy. 

The  laser  output  energy  of  16.4  Joules  represents  an  order  of  magnitude  increase  over  the 
output  energy  before  we  started  the  characterization  and  optimization  work.  The  deposited 
energy  increased  by  30%  when  we  decreased  the  A-K  spacing  by  1.2  cm.  The  addition  of  a 
1600  Gauss  guide  field  increased  the  deposited  energy  by  a  factor  of  four.  A  higher  total 
gas  pressure  gives  more  efficient  pumping  because  it  stops  more  electrons,  but  a  lower 
total  gas  pressure  gives  more  uniform  pumping  across  the  chamber.  Optimization  of  the  gas 
mixture  was  the  most  significant  factor  in  increasing  the  laser  output  energy.  Our 
optimum  mix  has  lower  concentrations  of  NF^  and  Xe  ,  but  does  agree  with  two  other 
investigations. 

Additionally,  we  learned  several  things  about  the  electron  beam  deposition.  A  small 
decrease  (1.2  cm)  in  the  A-K  spacing  resulted  in  a  30%  increase  in  deposited  energy.  The 
addition  of  a  1600  Gauss  magnetic  field  increased  the  deposited  energy  by  a  factor  of 
four.  Finally,  we  found  that  deposition  could  be  tailored  by  varying  the  total  pressure 
of  the  lasing  medium.  This  implies  that  uniform  and  efficient  pumping  cannot  be  achieved 
with  a  single  electron  gun  unless  the  back  wall  of  the  laser  chamber  can  be  made  to 
reflect  tlie  electrons  v/hich  strike  it. 
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Table  3.  Optimum  Laser  Configuration. 


Cathode  Voltage 
Cathode  Current 
A-K  Spacing 
Magnetic  Field 
Deposited  Energy 
Extracted  Volume 
Chamber  Volume 
E-Beam  X-Section 


310  kv 
9.2  kA 
8 . 9  cm 
1600  Gauss 
1450  Joules 
7 . 5  Liters 
18  Liters 
10x75  cm 


Gas  Mix 

Chamber  Pressure 
Pulse  Length 
Output  Energy 


.05%  NF3  /  .3%  Xe 
60  psia 
1.1  microsec 
16.4  Joules 
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Abstract 


To  increase  the  kinetics  data  base  and  refine  the  understanding  of  XeCl  lasers,  time- 
dependent  measurements  of  lower  level  xenon  excited  state  densities  in  electron— beam  pumped 
XeCl  laser  mixtures  have  been  performed.  Measurements  are  obtained  using  hook  ^ 

interferometry  under  nonlasing  conditions  at  an  average  excitation  rate  of  *<250  kW/cm  and 
e-beam  pulse  widths  of  0.4  and  1  /<s .  The  population  differences,  AN  ,  between  four 
different  electronic  transitions  [three  in  the  Xe* (6s) -Xe** (6p)  manifold,  and  one  in  the 
Xe**(6s’)-Xe**‘*(6p’)  manifold]  are  examined  as  a  function  of  halogen  concentration.  A 
dramatic  change  in  the  excited  xenon  density,  caused  by  a  change  in  the  energy  flow 
mechanism  in  the  XeCl  kinetics  due  to  HCl  burn— up,  is  observed.  As  long  as  a  relatively 
high  HCl  density  exists  in  the  mixture,  ion-ion  recombination  reactions  (e.g.,  Xe  +  Cl  ) 
intercept  dissociative  dimer-ion  recombination  reactions  (e.g.,  Xe2)  and  suppress  the 
excited  xenon  densities.  When  a  certain  amount  of  HCl  is  consumed,  the  energy  flow  channel 
switches  to  dimer-ion  recombinations,  resulting  in  an  abrupt  increase  of  the  xenon  excited 
state  density. 


Introduction 


Historically,  the  understanding  of  XeCl  laser  kinetics  has  tended  to  lag  the  other  major 
excimer  lasers.^  The  major  differences  between  the  XeCl  formation  mechanism  and  those  of 
others  using  fluorine  as  the  halogen  donor  are  as  follows:  1)  Reaction  of  the  first 
excitation  state  of  xenon  (5p^6s)  with  vibrational  ground  state  HCl  is  nearly  thermoneutral 
with  respect  to  XeCl*  formation.  2)  The  dissociative  attachment  reaction  rate  of  ground 
state  HCl  with  electrons  is  much  less  than  that  for  Fg.  Several  experimental  and 
theoretical  studies  have  shown  that  high  XeCl*  formation  yield  can  be  achieved  through 
higher  excited  states  of  xenon^’^  and/or  vibrationally  excited  HCl  through  the  neutral 
reaction  channels.  Only  vibrationally  excited  HCl^’®  has  a  high  dissociative  attachment 
reaction  rate  that  results  in  efficient  XeCl*  formation  through  the  ion^channel.  Numerical 
kinetic  models  have  been  also  developed  for  e-beam  pumped  XeCl  lasers  which  are  in 
reasonable  agreement  with  the  results  of  laser  experiments.  However,  measurements  and 
analysis  of  only  the  laser  output  characteristics  are  not  enough  to  clearly  characterize 
kinetic  processes  occurring  in  the  gas  mixtures  excited^by  the  e-beams.  In  fact,  some 
inconsistent  experimental  results  have  been  observed.  ’ 

To  refine  our  understanding  of  XeCl  lasers  and  increase  the  kinetics  data  base,  the 
fundamental  kinetics  parameters  of  time-dependent  electron  density  and  burn-up  of  HCl  have 
been  measured  at  Spectra  Technology,  Inc.  This  paper  presents  experimental  measurements  of 
the  lower  level  xenon  excited  state  densities  in  e-beam  pumped  XeCl  mixtures. 

As  mentioned  before,  the  density  of  lower  level  excited  xenon  is  not  a  key  parameter 
with  regard  to  XeCl*  formation,  because  reactions  with  vibrational  ground  state  HCl  do  not 
produce  XeCl*.  However,  it  is  a  key  parameter  to  understand  the  energy  flow  from  the 
buffer  gas  system  to  the  xenon  system  and  the  balance  of  the  other  reactions.  Figure  1  is 
a  block  diagram  showing  key  kinetics  pathways  in  Ne/Xe/HCl  mixtures.  In  Ne/Xe  mixtures 
(without  HCl),  neon  ions  and  excited  neons,  produced  by  the  primary  electrons  of  the  e-beam 
and  by  high  energy  secondary  electrons,  produce  xenon  ions  through  three-body  charge 
transfer  reactions  and  Penning  ionizations.  Xenon  excited  states  are  then  produced  through 
dissociative  recombination  reactions  with  xenon-based  dimer  ions  (Neg,  NeXe  ).  The 
fraction  of  xenon  excited  states  formed  directly  by  electron  collisions  is  negligible  due 
to  the  low  density  of  xenon  compared  to  neon  gas  in  these  laser  mixtures. 
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e-beam 


Fig.  1.  Block  diagram  showing  key  kinetics 
paths  in  the  Ne/Xe/HCl  rare  gas 
halide  system. 


When  a  trace  of  HCl  is  present  in  the  mixture,  dissociative  attachment  reactions  with 
vibrationally  excited  HCl  control.^  the  secondary  electron  density,  and  fast  ion-ion 
recombination  reactions  (e.g.,  Xe^-Cl  )  interrupt  the  usual  recombination  reactions  of  the 
dimer  ions.  Therefore,  if  the  measured  xenon  excited  state  densities  in  mixtures 
containing  HCl  are  lower  than  those  in  Ne/Xe  mixtures  by  a  factor  higher  than  that  expected 
from  just  the  quenching  rate  of  excited  xenon  by  HCl,  then  this  is  indirect  evidence  of 
high  Cl”  density.  However,  the  dominant  source  of  Cl”  is  dissociative  attachment  from 
vibrationally  excited  HCl  and  there  are  experimental  results  indicating  that  the  density  of 
vibrationally  excited  HCl  is  low.^® 


Experimental  Technique 

Xenon  excited  state  densities  are  measured  using  classical  hook  interferometry  combined 
with  pulsed  dye  laser  technology.  The  experimental  apparatus  and  the  principle  of  this 
technique  are  described  in  detail  elsewhere ; a  schematic  of  the  experimental  set-up  is 

shown  in  Fig.  2.  The  total  optical  oath  of  the  excited  laser  medium  is  70  cm,  and  the  e- 

3 

beam  excitation  rate  is  !!>250  kW/cm  . 

Figure  3  is  a  partial  energy  level  diagram  showing  the  transitions  examined  during  the 
experiment:  1)  823.2  nm  (6s[3/2]2  -  6p[3/2]2);  2)  828.0  nm  (6s[3/2]°  -  &p[l/2]^);  3)  834.7 

nm  (6s’ [1/2]°  -  6p’[3/2]2);  and  4)  840.9  nm  (6s[3/2]2  -  6p [3/2] j) .  Measured  oscillator 
strengths  for  these  lines  are  0.23,  0.12,  0.37,  and  0.012,  respectively.^^ 

Because  hook  interferometry  gives  the  density  difference  between  two  states,  to  obtain 
the  absolute  density  of  the  lower  state  requires  the  upper  state  population  to  be  either 
negligibly  small  or  estimable  through  other  means.  If  the  collisional  mixing  by  either 
neutral  species  or  electrons  is  fast,  the  initial  formation  distribution  will  be  quickly 
reduced  to  a  steady-state  distribution.  Comparing  collisional  deactivation  rate  constants 
and  radiative  li'.  *imes  measured  by  Inoue,  et  al .  with  rates  for  stepwise  excitations  by 
electrons,  it  is  reasonable  to  expect  that  the  later  processes  will  effectively  compete 
with  the  former  processes.  If  the  distribution  in  the  xenon  excited  state  manifold  is 
characterized  by  a  secondary  electron  temperature  of  1.5  eV,  which  is  a  typical  average 
electron  temperature  predicted  by  our  model  for  our  experimental  conditions,  the  upper 
state  density  of  the  probed  transitions  would  be  2355,  12%,  and  36%  of  the  lower  state 
density  for  the  823.2,  828.0,  and  840.9  nm  transitions,  respectively.  This  represents  an 
upper  limit  for  the  higher  state  populations  since  other  heating  sources  do  not  exist.  In 
fact,  even  if  the  electron  mixing  processes  are  dominant,  the  fast  ionization  processes  of 
the  higher  xenon  excited  states  tend  to  decrease  the  population  of  the  upper  states. 


s 


Fig.  2.  Schemat-ic  of  xenon  excited  state 
density  measurement  system. 


Fig.  3.  Energy  level  diagram  for  Xe  from 
65000  to  90000  cm  The  5d,  7p, 
and  6d  states  are  not  shown .  The 
four  transitions  measured  during 
the  experiment  are  indicated. 


The  analysis  is  further  complicated  by  the  fact  that  at  least  part  of  the  xenon  manifold 
must  be  in  nonequilibrium  as  evidence  by  the  existence  of  infrared  xenon  lasers.  Lasing 
occurs  between  the  5d  and  6p  xenon  excited  states  when  mixtures  of  Ar/Xe  or  Ne/Xe  at  >1  atm 
are  excited  by  e-beam  or  e-beam  sustained  discharges.  ’ 

Therefore,  in  order  to  avoid  biasing  the  data  with  an  assumption  of  the  upper  state 
densities,  all  the  data  presented  in  this  paper  represent  the  population  difference,  AN  , 
between  the  upper  and  lower  state  of  the  transition  examined. 

Results  And  Discussion 


Figures  4  and  5  show  typical  experimental  results  obtained  at  the  828.0,  823.2,  and 
840.9  nm  transitions,  for  XeCl  laser  mixtures  with  an  initial  HCl  concentration  of  0.16{{ 
and  0.08%,  respectively.  The  XeCl  laser  mixture  is  1.5%  Xe  in  Ne  diluent  at  a  total  gas 
pressure  of  3000  Torr .  A  normalized  e-beam  current  pulse  shape  [400  ns  (FWHM)]  is  shown  at 
the  bottom  of  the  figures.  As  can  be  seen  in  Fig.  4,  the  density  differences  of  AN  (823.2 
nm)  and  AN  (828.0  nm)  are  relatively  constant  during  the  e-beam  pumping,  and  decay  rapidly 
at  the  termination  of  the  e-beam  pulse.  For  0.08%  HCl  (see  Fig.  5),  the  AN  density 
increases  abruptly  at  s(350  ns  into  the  e-beam  pulse.  During  the  electron  density 
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TIME  (ns) 

Fig.  4.  Time-dependent  AN  densities  of  a 
XeCl  mixture  (^1.5%  Xe,  balance  Ne 
to  3000  torn)  for  an  initial  HCl 
concentration  of  0.16!{.  Solid  and 
open  circles,  and  open  triangles 
correspond  to  AN  (823 . 2  nm) , 

AN* (828.0  nm),  and  AN* (834. 7  nm) , 
respectively.  Solid  squares 
correspond  to  AN  densities  for 
the  neon  excited  state  (3p [5/2)2  - 
3d  [7/2]^)  transition  at  837  .  8  nm . 


TIME  (ns) 

ate 

Fig.  5.  Time-dependent  AN  densities  of  a 
XeCl  mixture  for  an  initial  HCl 
concentration  of  0.08%.  Other 
parameters  are  the  same  as  in 
Fig.  4.  Plot  parameters  are  the 
same  as  in  Fig.  4,  except  solid 
triangles  correspond  to 
AN* (840.9  nm) . 


measurements,  the  electron  density  also  increases  abruptly  at  a  certain  point  during  the  e- 

beam  pumping.  These  points  tend  to  occur  at  earlier  times  as  the  initial  HCl  concentration 

is  lowered.  The  consumption  of  HCl  during  the  pump  pulse  increases  the  secondary  electrons 

and  reduces  the  Cl  ions  resulting  in  an  increase  in  electron-dimer  ion  recombinations. 

Also  shown  in  Fig.  4  are  results  of  measuring  the  AN  density  of  the  neon  (3p [5/2)2  - 

3d  [7/2)^)  excited  state  transition  at  837.8  nm.  Since  neon  excited  states  are  mainly 

produced  by  high  energy  electron  excitations,  the  neon  excited  state  density  does  not 

increase  abruptly  like  the  xenon  densities,  but  rather  follows  the  e-beam  pumping. 

Figures  6  and  7  show  time-dependent  AN  densities  obtained  under  extended  (1  jis)  e-beam 

excitation  for  an  initial  HCl  concentration  of  0.32%  and  0.16%,  respectively.  Sidelight 

fluorescence  of  XeCl*(B-X)  is  shown  at  the  bottom  of  each  figure  with  the  normalized  e-beam 

★ 

current  pulse.  For  0.32%  HCl,  the  AN  density  does  not  stay  constant,  but  gradually 
increases  towards  the  end  of  the  e-beam  pulse.  This  gradual  increase  may  be  caused  by  an 

increase  in  the  gas  temperature  during  the  e-beam  pumping  which  leads  to  a  decrease  in  the 

17  ^ 

ion-ion  recombination  rates.  For  0.16%  HCl,  the  AN  density  increases  abruptly  at  W600 
ns  into  the  e-beam  pulse.  The  sidelight  fluorescence  for  the  0.16%  HCl  mixture  begins  to 
decrease  at  approximately  the  same  time  as  the  increase  of  the  AN  density. 

It  is  also  observed  that,  if  the  HCl  is  consumed  during  the  e-beam  pulse,  the  lifetime 
of  the  excited  xenon  is  extremely  long  after  termination  of  the  e-beam  pulse.  A  long 
lifetime  is  also  observed  in  halogen-free  rare  gas  mixtures.  Note  in  Fig.  1  that  energy 
transfer  processes  from  excited  Cl  atoms  are  another  possible  path  to  form  xenon  excited 
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Fig.  6.  Time-dependent  AN  densities  of  a 
XeCl  mixture  for  an  initial  HCl 
concentration  of  0.325C.  Other  gas 
parameters  and  plot  parameters  are 
the  same  as  in  Fig.  4. 


Time  (ns) 

•  ^ 

Fig.  7.  Time-dependent  AN  d  ensities  of  a 

XeCl  mixture  for  an  initial  HCl 

concentration  of  0.1655.  Other  gas 

parameters  and  plot  parameters  are 

the  same  as  in  Fig.  4. 


states.  To  eliminate  the  effects  of  the  halogen,  Ne/Xe  and  Ar/Xe  mixtures  were  examined, 

and  the  results  are  shown  in  Fig.  8.  The  xenon  excited  state  densities  increase  quickly, 

*  15  —3 

and  a  peak  AN  of  **5  x  10  cm  is  observed  at  the  end  of  e-beam  pulse.  For  the  Ne/Xe 
mixture,  the  lifetime  of  Xe  (6s)  is  surprisingly  long,  and  its  decay  behavior  is  not  purely 
exponential . 

In  neon  based  mixtures,  the  populations  of  heteronuclear  molecules,  such  as  NeXe^  or 
NeXe*,  are  very  low  due  to  their  low  binding  energies  (<0.05  eV) .  In  addition,  xenon  dimer 
formation  through  three-body  collision  with  neon  buffer  is  also  slow.  Therefore,  the 
quenching  rate  of  excited  xenon  is  significantly  low  in  neon  based  mixtures.  Furthermore, 
because  the  dimer  ion  formation  rate  is  also  low  for  the  same  reasons,  the  population  of 
xenon  ions  is  quite  high,  and  is  balanced  with  the  high  density  of  secondary  electrons 
which  exist  even  after  the  e-beam  termination.  Therefore,  the  slow  feeding  processes  of 
dimer-ion  recombinations  continue  even  after  the  e-beam  termination,  and  help  keep  the 
xenon  excited  state  density  high.  Moreover,  because  of  the  high  density  of  xenon  excited 
states.  Penning  ionization  (Xe*  +  Xe*)  also  becomes  important. 

As  a  result  of  these  effects,  energy  circulates  within  the  xenon  ion  and  excited  xenon 
system,  and  is  gradually  quenched  by  very  slow  excited  xenon  dimer  formation  and  radiative 
decay  processes,  thereby  leading  to  long  Xe  lifetimes.  This  interpretation  is  supported 
by  the  results  for  the  Ar/Xe  mixture  shown  in  Fig.  8.  In  Ar/Xe  mixtures,  the  quenching 
rate  of  Xe* ,  producing  ArXe  dimer,  is  faster  than  in  the  Ne/Xe  mixtures  because  the 
binding  energy  of  the  Ar-Xe  dimer  is  higher.  Higher  ArXe*  and  Xeg  densities  in  Ar/Xe 
mixtures  also  tend  to  accelerate  the  decay  of  the  electron  density  via  recombination 
processes  that  result  in  faster  energy  decay  of  the  entire  system  after  termination  of  the 
e-beam  pulse. 


Conclusions 


The  time-dependent  excited  state  density  measurements  of  xenon  in  e-beam  pumped 
Ne/Xe/HCl  laser  mixtures  as  a  function  of  halogen  concentration  have  yielded  important  new 
insights  into  the  neutral  and  ionic  kinetics  occurring  in  these  plasmas. 
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As  long  as  the  HCl  density  is  high,  secondary  electrons  and  xenon  ions  are  controlled  by 
dissociative  attachment  reactions  with  the  halogen  and  ion-ion  recombination  reactions, 
respectively.  In  addition,  the  amount  of  electron-dimer  ion  recombination  is  relatively 
small,  which  results  in  low  xenon  excited  state  densities.  When  a  certain  amount  of 
halogen  is  consumed,  the  energy  flow  channel  rapidly  switches  to  the  dimer  recombination 
channel  and  the  excited  state  density  of  xenon  abruptly  increases.  This  increase  of  the 
xenon  excited  state  population  is  coincident  with  a  similar  increase  of  the  secondary 
electrons.  A  population  increase  of  the  higher  level  xenon  excited  states  is  also  observed 
as  the  halogen  is  burned  up;  this  presumably  results  in  an  increase  of  photoionization  at 
the  laser  wavelength.  This  may  contribute  to  the  termination  of  the  XeCl  laser  output 
under  high  energy  loading  conditions. 
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A  XeCl  EXCIMER  LASER  WITH  AUTOMAT'C  PREIONIZATION 


J.P.  SINGH 
HHD  Energy  Center 
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Mississippi  State,  MS  39762 


ABSTRACT 


A  high  power,  automatic  preionization,  discharge  excited  excimer  (XeCl)  laser  is  presented.  Aluminum 
electrodes  81  cm  long  and  separated  by  22  mm  are  mounted  on  A1 -plates  which  are  enclosed  in  a  pyrex  tube  of 
length  100  cm  and  diameter  15  cm.  The  electrical  energy  of  9J  is  dumped  into  a  107  cm^  discharge  volume.  48 
mJ  of  energy  per  pulse  and  a  pulse-width  of  15  nsec  at  15  Hz  are  obtained. 

INTRODUCTION 

The  excimer  laser  is  one  of  the  most  powerful  sources  of  coherent  light  energy  in  the  ultraviolet  region. 
The  most  common  excimer  laser  is  XeCl  (308  nm)  which  is  used  in  spectroscopy,  photochemistry,  remote  sensing 
and  to  pump  dye  lasers.  Two  main  techniques,  discharge^  and  electron  beam  pumping^  are  used  in  pumping  these 
lasers.  An  automatic  preionized  discharge  pumped  excimer  laser  is  simple  in  construction. 

During  the  past  decade  an  enormous  amount  of  work  has  been  done  on  different  excime-  lasers.^ Various 
data  have  been  collected  to  improve  the  understanding  of  the  kinetics  involved  in  laser  excitation.  Different 
techniques  have  been  attempted  for  preionization  tc  produce  uniform  laser  discharge.  Work  is  still  continued 
to  improve  the  efficiency,  to  improve  the  eiergy  of  the  1aser®”^®and  to  scale  up^^  the  laser  for  high  energy. 

This  paper  the  will  present  a  simple,  high  power  automatic  preionized  discharge  pumped  excimer  las'”*,  the 
output  energy  dependence  with  various  laser  parameters  v'/ill  be  reported.  The  various  attempts  to  improve  the 
pulse  repetition  rate  and  the  lifetime  of  the  gas  mixture  will  also  be  reported. 

DESIGN  AND  FABRICATION 

THo  design  of  this  laser  is  quite  similar  to  the  one  reported  by  Kearsley  et  al.-  The  cross-sectional 
view  of  the  plasma  tube  is  shown  in  Figure  1.  The  discharge  electrode  system  is  designed  with  two  Al -plates 
of  100  cm  X  14  cm.  They  are  separated  by  47  mm-with  epoxy  rods  of  diameter  25  mm.  One  of  the  electrodes  is 
an  Al-rod  of  6  mm  diameter  and  81  cm  long  which  is  attached  to  one  of  the  Al-plates.  Another  electrode  is 
fabricated  from  an  81  cm  x  25  mm  x  20  mm  rectangular  Al-rod  and  an  Al -plate  of  thickness  5  mm.  These  are 
screwed  to  the  middle  of  the  second  14  cm  wide  A1-plate.  The  top  of  the  5  mm  thick  plate  is  a  smooth  ard 
slightly  curved  Rogowaski  profile  at  the  edges.  The  ends  of  the  other  electrode  are  also  curves  to  avoid  the 
arcing  during  the  laser  discharge.  Two  rows  of  1?  doorknob  capacitors  (Steatite  and  Porcelain  Products  Ltd. 
type  C725)  are  placed  symmetrically  on  each  side  of  the  electrode.  These  dumping  capacitors  have  total  capa¬ 
citance  of  31.2  nF,  The  separation  between  the  plate  electrode  and  dumping  capacitors  is  critical  to 
designing  the  laser.  The  capacitors  should  be  close  enough  to  the  electrode  to  get  the  proper  preionization 
but  far  enough  away  to  prevent  the  discharge  from  passing  through  the  surface  of  the  capacitor.  The  complete 
electrode  system  is  inside  a  purex  cylinder  of  diameter  15  cm  and  length  100  cm.  Two  stainless  steel  plates 
with  0  rings  are  clamped  to  the  ends  of  the  cylinder.  These  plates  are  used  to  connect  the  laser  electrodes 
to  the  capacitor  and  thyratron.  The  laser  cavity  is  formed  with  an  Al  coated  mirror  of  2"  diameter  on  one  end 
of  the  plasma  tube  and  a  quartz  window  on  the  other  end. 

The  electrical  circuit  diagram  of  the  laser  is  show  in  Figure  2.  A  30  kV,  200  mA  power  supply  is  con¬ 
nected  to  a  storage  capacitor  of  100  nF,  60  kV.  The  other  end  of  the  capacitor  is  connected  to  one  of  the 
laser  electrodes.  The  other  electrode  is  grounded  with  the  thyratron  and  power  supply.  A  homemade  inductor  or 
5  k  long  resistor  is  connected  across  the  electrodes  of  the  plasma  tube.  The  anode  of  the  thyratron  is  con¬ 
nected  to  capacitor  Ci  and  the  cathode  is  connected  to  the  anode  of  the  laser.  Thyratron  and  storage  capaci¬ 
tor  are  placed  close  to  the  plasma  tube  and  are  connected  with  copper  strip  or  aluminum  foil  to  minimize 
inductance  in  the  discharging  circuit.  The  hydrogen  thyratron  is  triggered  by  a  modified  version  of  the 
trigger  pulsed  circuit  of  Ref.  12.  The  ignition  coil  is  replaced  with  an  EG  &  G  pulse  transformer. 

OPERATION  AMD  PERFORMANCE 

The  storage  capacitor  is  charged  from  the  H.V.  power  supply  through  the  resistoi'  R.  lnitia''ly,  the 
electrodes  of  the  plasma  tube  are  at  the  ground  potential.  As  soon  as  the  thyratron  fires,  a  potential  dif¬ 
ference  develops  across  the  electrodes.  This  potential  difference  transf°rs  to  the  upper  end  of  capacitors  C2 
and  the  top  electrode  which  produces  the  breakdown  of  the  gas  medium.  Ihe  capacitors  C2  are  charged  through 
the  breakdown.  The  breakdown  also  produces  ultraviolet  photons  which  produce  preionization  of  the  gas  media 
between  the  electrodes.  The  energy  from  the  capacitors  C2  is  transferred  to  the  preionized  gas  mixture  and 
produces  uniform  discharge.  The  time  lag  between  preionization  and  main  discharge  depends  upon  the  laser 
design  but  is  typically  100  ns. 

The  variation  of  laser  energy  with  discharging  voltage  and  different  gas  mixtures  has  been  studied  to 
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optimize  the  output  power.  Figure  3  shows  the  variation  of  relative  laser  energy  with  charging  voltage  at  15 
torr  Xe,  4  torr  HCl  and  2  atm  He  pressure.  It  increases  linearly  with  voltages  from  16  kV  to  24  kV  and  shov/s 
saturation  after  that.  The  energy  of  the  laser  is  measured  with  a  Rentec  energy  meter  (ED-200).  Figure  4 
shows  the  laser  output  energy  at  various  total  pressures  and  also  HCl  partial  pressures.  It  increases  as  He 
pressure  increases  from  1  atm  to  2  atm.  From  2  atm  to  2.5  atm  it  remains  nearly  constant  and  starts 
decreasing  above  2.5  atm.  The  power  output  has  also  been  studied  with  varying  HCl  pressure  in  the  gas  mix¬ 
ture.  It  increases  up  to  4  torr  of  HCl  then  remains  the  same  up  to  5  torr  and  start  decreasing  above  5  torr. 
The  uniformity  of  the  laser  discharge  deteriorates  at  higher  HCl  pressure  and  the  electrical  energy  dissipates 
in  arcing  rather  than  exciting  the  laser  media. 

The  lifetime  of  the  gas  mixture  is  tested  by  monitoring  the  laser  energy  at  different  times.  The  plasma 
tube  is  passivated  a  few  times  with  a  HCl  and  He  mixture  without  running  the  discharge.  The  laser  gas  mixture 
Xe:  HCl:  He;  35  torr:  5  torr:  2  atm  is  used  to  run  the  laser  discharge.  Initially,  the  mixtures  have  not  lost 
long  time.  It  has  stabilized  after  few  fillings  and  the  power  output  with  time  is  given  in  Figure  5.  The 
stabilized  system  runs  up  to  2  x  10®  shits  in  one  filling.  The  laser  power  remains  more  than  90  percent  of 
the  peak  power.  The  optimum  operating  conditions  are  35  torr  Xe,  4-5  torr  HCl  and  2  atmospheres  of  He  at  24 
kV  charging  voltage.  The  pulse  width  is  Found  to  be  15  nsec  and  laser  energy  per  pulse  is  48  mj.  The  laser 
normally  operates  at  15  Hz  but  it  can  go  up  to  20  Hz. 

The  6  mm  diameter  electrode  is  modified  to  produce  uniform  laser  discharge  at  high  pulse  repetition 
"='tes.^^  Four  H  carbon  pencil  rods  of  15  mm  length  are  fitted  into  the  holes  drilled  3  mm  apart  into  the 
electrode.  This  improves  the  laser  performance  at  high  repetition  rates  but  the  power  output  is  reduced. 
This  laser  can  operate  easily  up  to  a  PRF  of  100  Hz.  The  gas  mixture  also  deteriorates  in  shorter  time  than 
the  previous  system.  The  ballasted  resistance  technigue  to  stabilize  the  laser  discharge,  which  is  suitable 
for  the  CO2  laser,  is  found  to  not  be  useful  for  excimer  laser.  The  gas  mixture  from  the  plasma  tube  is 
passed  through  a  cooling  system  to  a  diaphragm  pump  which  circulates  the  gas  mixture.  It  improves  the  laser 
performance  at  high  pulse  repetition  rates  but  the  life  of  the  gas  mixture  is  reduced.  The  preionization 
system  is  also  modified  to  get  optimum  laser  energy.  The  bottom  electrode  is  raised  by  10  mm.  Screws  of  12.5 
mm  length  are  screwed  from  the  top  of  the  A1 -plate  to  coincide  with  the  upper  ends  of  the  capacitors.  This 
arrangement  provides  the  preionization  discharge  in  the  middle  of  main  discharge  and  has  improved  the  laser 
performance.  This  laser  is  being  used  at  present  to  pump  two  grazing  incidence  dye  lasers  which  are  used  in  a 
sequential  two  photon  absorption  spectrometer. 
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Figure  1.  Cross-sectional  view  of  the  laser  plasma  tube. 
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Figure  2.  Schematic  circuit  diagram  of  the  discharge  pumped  excimer  laser. 
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Figure  3. 

Variation  or  the  laser  output  energy  with  storage 
capacitor  voltage  at  Xe;HCl;  He;  35  torr;  4  torr: 
2  atm. 


Figure  4. 

Variation  of  relative  output  energy  with  HCl  pressure 
and  total  pressure  at  charging  voltage  of  24  kV  and 
Xe  pressure  of  35  torr.  The  total  pressure  was  2  atm 
in  former  and  HCl  pressure  was  4  torr  in  latter. 


Figure  5. 

Lifetime  of  the  excimer  laser  without  gas 
mixture  circulations,  (charging  voltage 
24  kV,  Xe;HCl:He;  35  torr:  4  torr:  2  atm) 
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Abstract 


A  high  power  and  efficient  X-ray  preionized  discharge  pumped-excimer  laser  has  been 
developed.  The  electrical  circuit  of  the  laser  system  is  composed  of  a  pulse  forming 
line  (PFL) ,  a  rail-gap  switch  and  a  pulse  transmission  line  (PTL)  to  transform  the  PFL 
impedance.  In  order  to  investigate  the  effects  of  the  impedance  transformation  of  the 
PTL,  two  types  of  the  PTL  with  the  output  Impedances  of  0.26  and  0.48  n  have  been 
employed.  The  system  with  a  lower  output  impedance  has  produced  the  large  laser 
energies  by  13-15  %  in  the  range  of  the  PFL-charging  voltage  from  228  to  400  kV  at 
HCl/Xe/Ne=4/20/4476  Torr .  The  maximum  energy  obtained  is  50  J  in  an  85-ns  pulse  (FWHM) , 
corresponding  to  the  peak  power  of  0.59  GW.  The  highest  efficiency  of  3.1  516  has  been 
achieved  with  an  energy  of  17.6  J. 


Introduction 


Rare-gas  halide  exclmer  lasers  with  high-gain  and  broad  gain-width  are  available 
for  efficient  amplification  of  picosecond  (ps)  or  femtosecond  (fs)  ultraviolet  (UV) 
laser  pulses.  Recently  ps  or  fs  laser  pulses  with  very  high  peak  power  have  been._2 
produced  by  amplification  systems  having  XeCl,  KrF  or  ArF  laser  as  the  amplifiers^ 

Since  the  excimer  lasers  have  very  short  energy  storage  times,  a  device  with  a  wide 
aperture  is  necessary  to  obtain  the  output  energy  above  1  J  in  an  amplified  ps  or  fs 
pulse.  So  far,  an  electron-beam  pumping  method  has  been  mainly  employed  for  a  wide 
aperture  device  with  an  active  volume  above  10  1  except  for  the  discharge  laser 
constructed  by  Champagne  et .  al.  .  They  have  obtained  a  laser  energy  of  60  J  in  a  180- 
ns  pulse  with  a  XeCl  laserg  However,  the  detail  has  not  been  reported. 

In  the  previous  paper^  on  an  UV  preionized  discharge  laser  with  a  small  active 
volume,  it  has  been  demonstrated  that  the  output  energy  comparable  to  XeCl  or  KrF  laser 
was  produced  by  ArF  laser  in  the  high  voltage  operation.  This  result  shows  that  the  use 
of  the  discharge  lasers  as  amplifiers  enables  the  efficient  amplification  of  the  ps  or 
fs  pulses  in  the  wide  UV  region  of  spectrum. 

We  ^ave  constructed  an  X-ray  preionized  discharge  laser  with  a  wide  aperture  of 
10x10  cm  as  a  gain  amplifier  of  an  exclmer  laser  amplification  system  to  obtain  1-J 
class  ps-pulses  .  The  laser  was  designed  to  be  operated  at  the  high  voltage  of  up  to 
400  kV.  This  lead  a  high  pulse-forming-line  (PFL)  impedance  compared  with  the  discharge 
impedance.  In  order  to  reduce  the  output  impedance  of  the  excitation  circuit,  a  pulse 
transmission  line  (PTL)  to  transform  the  PFL  Impedance  has  been  inserted  between  the  PFL 
and  the  laser  chamber.  In  this  paper,  we  report  the  experimental  results  obtained  at 
the  XeCl  laser  operations. 


Laser  design 


The  laser  system  constructed  is  schematically  shown  in  Fig.l.  The  douole  PFL  with 
deionized  water  as  a  dielectric  has  the  capacitance  of  52  nF  and  the  line  impedance  of 
0.87  .  The  PFL  is  positively  charged  by  a  Marx  generator  with  the  maximum  output 
voltage  of  500  kV  and  the  capacitance  of  50  nF.  The  double  transit  time  of  the  PFL  is 
90  ns . 

The  PTL  interconnects  the  PFL  with  the  laser  chamber.  The  transit  time  of  the  PTL 
is  45  ns.  In  order  to  study  the  effects  of  the  impedance  transformation  of  the  PTL,  two 
types  of  the  PTL  have  been  employed.  One  of  them  transforms  the  PFL  impedance  of 
Zp_. =0.87  it  to  the  output  Impedance  of  z  =0.48  :  at  the  laser  interface.  The  other 
transforms  Zp_=0.87  0.  to  z  ^^=0.26  'A. 

A  rail-gap  switch  (RGS?  with  120-cm  long  electrodes  separated  by  1  cm  was  set 
between  the  PFL  and  the  PTL.  The  filling  gas  was  sulfer  hexafluoride  and  the  mzocimum 
pressure  of  6  atm  was  filled  at  the  PFL  charging  voltage  of  Vppj^=400  kV.  The  RGS  was 
operated  with  a  self-breakdown  mode. 

The  laser  chamber  of  aluminum  is  designed  for  the  maximum  filling  pressure  of  6 
atm.  The  laser  electrodes  are  composed  of  a  plain  electrode  with  the  thickness  of  1  mm 
and  a  high-voltage  electrode  with  the  length  of  120  cm  and  the  width  of  17  cm.  The  high- 
voltage  electrode  is  contoured  according  to  the  expression  proposed  by  Ernst ^ .  Both 
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electrodes  are  made  of  nickel-plated  aluminum.  The  maucimum  active  volume  observed  was 
about  10  1  with  10-cm  electrode  separation  and  110-cm  gain  length. 

X-rays  for  preionization  are  generated  by  colliding  a  cold-cathode  electron-beam  to 
a  tantalum  foil  with  the  thickness  of  13  pm.  The  X-rays  generated  at  the  tantalum  foil 
are  attenuated  by  two  1-mm  thick  aluminum  plates  of  an  X-ray  window  and  the  plain  laser 
electrode.  The  X-ray  generator  was  operated  under  the  conditions  of  the  maximum 
accelaration  voltage  and  electron-beam  current  of  180  kV  and  6.8  kA.  The  pulse  width 
(FWHM)  of  the  accelaration  voltage  was  1.0  ps. 

2  The  X-ray  dose  measured  inside  the  laser  chamber  was  120  mR  in  the  area  of  20x100 
cm^ .  The  X-ray  pulse  observed  by  a  photomultiplier  had  the  pulse  duration  of  1.3  ps  and 
the  intensity  peak  at  about  0.3  us  after  the  X-ray  generation.  The  operation  conditions 
were  fixed  in  the  following  experiments. 


Output  characteristics 


The  discharge  uniformity  and  stability  which  have  strong  influence  on  the  efficient 
operation  depend  on  preionization  conditions.  Figure  2  shows  the  laser  output  as  a 
function  of  the  delay  time  t^  from  the  beginning  of  the  preionization  to  the  discharge 
breakdown.  The  measurements  were  made  at  V_„  =154  kV  for  a  gas  mixture  of 
HCl/Xe/Ne=2/20/2478  Torr .  The  laser  output ^is  normalized  at  the  laser  energy  of  10.3  J. 

The  nearly  constant  laser  output  is  obtained  in  the  wide  time  range  of  the  delay 
time  from  t  .=0 . 2  to  t.=  1.8  ps.  This  seems  to  indicate  that  the  sufficient  preionization 
has  been  achieved.  Because  the  X-ray  pulse  has  the  intensity  peak  at  about  0.3  us  after 
the  X-ray  generation  and  the  pulse  duration  is  only  1.3  ps. 

Three  laser  pulse  shapes  observed  at  the  delay  times  of  a,  b  and  c  are  also  shown 
in  the  figure.  The  second  pulse  in  the  laser  pulse  shape  observed  at  the  time  b  has  a 
low  pulse  height  compared  with  that  at  the  time  a,  though  the  first  pulses  have  the  same 
pulse  height.  In  the  laser  pulse  shape  observed  at  the  time  c,  the  second  pulse 
disappears  and  the  pulse  width  of  the  first  pulse  becomes  narrower  than  those  at  the 
times  a  and  b.  These  variations  of  the  laser  pulse  shapes  suggest  that  the  discharge 
instability  which  affects  the  laser  output  occurs  earlier  as  the  preionization  becomes 
less  sufficient. 

The  output  energy  of  exclmer  lasers  mainly  depends  on  the  energy  deposited  in  the 
discharge  plasmas  as  long  as  the  stable  discharge  are  sustained.  The  increase  in  the 
deposition  energy  caused  by  the  increase  in  the  total  pressure  and  the  reduction  of  the 
output  impedance  contributes  to  the  Improvement  of  the  electrical  efficiency. 

Figure  3  shows  the  laser  energy  as  a  function  of  the  total  pressure  for  z  .=0.26  n 
and  z  .=0.48  9..  The  measurements  were  made  at  Vp_  =154  kV  and  a  gas  mixture  8r^ 
HCl/Xe=4/20  Torr.  The  increase  rates  of  the  laser*' energy  are  70-80  %  for  the  increase 
of  the  total  pressure  by  2.25  times.  These  imply  that  the  electrical  efficiencies  has 
been  improved  by  1.7- 1.8  times.  On  the  other  hand,  the  reduction  of  the  output 
impedance  leads  to  the  increase  of  the  laser  energy  above  13  %  except  for  the  total 
pressure  of  4500  Torr.  The  increase  rate  of  the  laser  energy  for  z^^^=0.26  Q  appears  to 
be  saturated  at  the  total  pressure  above  4000  Torr. 

In  Fig. 4  are  shown  the  voltage  waveforms  observed  on  the  laser  electrode  at  the 
total  pressure  of  4500  Torr.  The  waveforms  after  the  breakdown  do  not  represent  the 
voltage  between  the  laser  electrodes.  Because  these  waveforms  include  the  inductive 
voltages  caused  by  the  inductance  ar  nnd  the  laser  head.  The  breakdown  at  z  ^=0.48  9 
occurs  at  about  60  ns  after  the  voltage  is  applied  on  the  laser  electrode. 

The  breakdown  at  z  .=0.26  Q  occurs  at  about  120  ns.  The  long  time  till  the 
breakdown  Indicates  that**the  breakdown  voltage^^is  too^low.  The  breakdown  voltage  is  102 
kV  and  corresponds  to  the  E/N  value  of  6.4x10  V.cm^.  It  is  possible  that  this  low 
voltage  has  brought  about  any  discharge  instability.  This  may  explain  the  saturation  of 
the  increase  rate  of  the  laser  energy  for  z  =0.26  Q  at  the  total  pressure  above  4000 
Torr . 

The  laser  energy  deposited  in  a  discharge  plasma  during  lasing  duration  is 
propotional  to  the  charging  voltage  of  an  excitation  circuit  rather  than  the  energy 
stored  in  it.  Because  excimer  lasers  have  a  discharge  character islt ic  that  the  self- 
sustaining  voltage  dose  not  change  very  much  with  the  increase  in  the  charging  voltage. 
Therefore  it  la  predicted  that  the  laser  energy  increases  to  be  propotional  to  the  PFL 
voltage . 

The  measurements  of  laser  energy  have  been  made  in  the  range  of  the  PFL  voltage 
from  148  to  400  kV  at  a  gas  mixture  of  HCl/Xe/Ne=4/20/4476  Torr  for  z  =0.26  and 
z  =0.48  9.  The  results  of  the  measurements  are  shown  in  Fig. 6  together  with  a  plot  of 
tne^electr ical  efficiency  based  on  the  energy  stored  in  the  PPL.  The  laser  energy 
Increase  linearly  for  both  the  output  impedances  as  the  PFL  voltage  increases.  However, 
the  laser  energies  for  z^^^=0.26  ^  are  large  by  13-15  %  compared  with  those  for 
z  ^  =0.48  ',l  except  for  7°.  =148  kV.  The  maximum  laser  energy  obtained  is  50  J  in  an  85- 
n8  (FWHM)  pulse,  corresponding  to  the  peak  power  of  0.59  GW.  On  the  other  hand,  the 
highest  electrical  efficiency  of  3.1  JS  is  achieved  with  the  laser  energy  of  17.6  J. 
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Summary 


The  X-ray  preionized  discharge  pumped-excimer  laser  with  a  large  active  volume  has 
been  constructed  and  the  output  characteristics  of  the  XeCl  laser  has  been  studied.  The 
glow  discharge  with  the  active  volume  of  about  10  1  has  been  successfully  achieved  by 
the  sufficient  X-ray  preionizat ion .  The  variations  of  the  laser  pul.se  shapes  observed 
at  the  different  delay  times  have  suggested  that  the  discharge  instability  which  affects 
the  laser  output  occurs  earlier  as  the  preionization  becomes  less  sufficient. 

The  effects  of  the  impedance  transformation  of  the  PTL  have  been  studied  using  two 
types  of  the  PTL.  The  laser  system  with  z^^^=0.26  f!  has  produced  large  laser  energies 
by  13-15  %  compared  with  the  system  with  z  =0.43  .Q  except  for  the  operations  under  the 
conditions  of  the  PPL  voltage  below  154  kV  at  the  total  pressure  of  4500  Torr .  The 
reduction  of  the  increase  rate  of  the  laser  energy  under  the  above  operation  conditions 
has  been  considered  to  be  due  to  the  low  breakdown  voltages  at  z  =0.26  fi. 

The  laser  system  with  the  lower  output  impedance  has  producea  the  maximum  laser 
energy  and  peak  power  of  50  J  and  0.59  GW,  and  an  laser  energy  of  17.6  J  with  the 
highest  electrical  efficiency  of  3.1  %. 
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Laser  Output 


Fig.l  Shcematlc  diagram  of  the  X-ray  preionized  discharge- 
pumped  excimer  laser. 
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Fig. 2  Laser  output  as  a  function  of  delay  time  from 
the  beginning  of  prelonlzat ion  to  discharge 
breakdown.  Laser  pulse  shapes  observed  at  the 
delay  times  of  a,  b  and  c  are  also  shown  in 
the  figure. 
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INFLUENCE  OF  UV-RADIATION  AND  SHOCK  WAVES  ON  POPULATION  INVERSION  MECHANISMS 
IN  INERT  GAS  MIXTURE  LASERS  AND  ACTIVE  MEDIUM  FORMATION  IN  SPER-LASERS 

V.V. Apollonov,  S . I . Derzhavin,  A. M. Prokhorov,  A.A.Sirotkin 

General  Physics  Institute,  Academy  of  Sciences  of  the  USSR,  38  Vavilov  Street, 

Moscow  117942,  USSR 


Part. I.  Investigation  of  population  inversion  mechanisms  in  inert-gas  mixture 
lasers  pumped  by  optical  break-down 


ABSTRACT 

The  parameters  are  studied  of  active  media  (AM)  of  He:Xe  {X=  2.03;  2.65  um)  and  He:Ar 
!X-  =  1.79  um)  lasers  pumped  by  C02-laser  induced  optical  break-down  (OB)  in  the  mixture  of 
these  gases.  The  lasing  is  shown  to  occur  as  a  result  of  action  of  UV  radiation  from  a  hot 
OB  plasma  kernel  on  the  gas  mixture  under  conditions  of  plasma  shock  wave  (SW)  compression 
capable  of  activating  AM  development. 

It  was  shown  earlier  (W.T.Sil jvast  et  al.,  V.A.Danilychev  et  al.)  that  population 
inversion  occurs  in  a  recombining  plasma  of  optical  break-down  at  the  plasma  scattering 
into  amfient  buffer  gas.  However,  detailed  investigations  verifying  this  mechanism  have 
not  been  conducted. 


The  present  paper  is  concerned  with  the  investigation  of  physical  processes  responsible 
for  the  active  medium  in  lasers  on  inert-gas  mixtures  with  helium  pumped  with  OB.  Lasing  has 
been  attained  on  He:Xe  mixtures  ( X  =  2.03  um)  and  He:Ar  mixtures  (  X  =  1.93  um) .  The  CO2- 
laser  radiation  with  a  pulse  duration  T  =  300  ns  was  focused  by  a  cylinder  lens  into 
a  0.8  mm-wide  and  9  cm-long  band  on  an  Al  target  placed  into  the  chamber  filled  with  an 
active  mixture  He-Xe  =  He:Ar=  1000:1.  Lasing  was  observed  in  about  1  us  after  OB. 


The  investigations  of  OB  torch  dispersion  by  means  of  a  high-speed  photorecorder  have 
shown  that  under  the  conditions  of  pumping, when  lasing  is  observed,  the  torch  does  not 
reach  the  region  of  the  cavity  caustic  of  He.Xe  and  He:Ar  lasers,  and  vice  versa,  if  OB  is 
large  the  torch  reaches  the  caustic,  i.e.  lasing  is  absent.  These  facts  contradict  to  the 
assertion  that  lasing  occurs  in  the  OB  recombination  plasma.  To  solve  this  contradiction  we 
have  made  double-exposure  interferometric  investigations  of  the  optical  break-down  plasma. 

Comparison  of  lasing  parameters  with  the  results  of  interferometric  investigations 
of  the  laser  AM  has  shown  the  coincidence  of  the  lasing  start  with  the  time  of  shock  wave 
arrival  to  the  region  of  the  cavity  caustics.  In  this  case  OB  plasma  does  not  reach  the 
lasing  region  and,  thus,  can  not  directly  influence  the  population  inversion  formation. 

At  the  same  time  low  gas  temperature  behind  the  SW  front  (  Te  0.2  eV, match  number  M  5) 
has  shown  that  it  can  not  serve  either  a  source  of  AM  pumping,  or  be  the  cause  of  high  elec¬ 
tron  concentration  (  cm"^). 


In  our  experiments  the  presence  of  excited  atoms  in  front  of  CW  front  was  confirmed  by  the 
glow  of  Hel,  Xel,  Xell  lines  without  delay  in  respect  to  the  occuring  of  OB.  They  could 
appear  in  particular  as  a  result  of  resonant  UV  radiation  diffusion  from  a  hot  kernel  of  the 
optical  break-down  plasma. 


It  is  well  known  that  the  lasers  operating  on  gas  mixtures  with  helium,  AM  produced 
as  a  resu|t  of  Penning  reaction  of  the  working  atom  with  excited  helium,  for  example,  He*+ 
Xe  -«A  Xe  +  He  +  e.  In  this  case  the  rate  of  the  Pemming  reaction,  R  = 

depends  on  the  concentration  of  the  particles  Nj.g  and  N^.^  involved  in  the  reaction.  With  a 
SW  approach,  the  growth  of  the  interacting  particle  concentration,  a  degree  of  compression 
9  =  <  4,  and  the  gas  heating  0.2  eV  may  lead  to  a  sharp  increase  of  the  Penning 

reaction  rate  resulting  in  Xe (Ar)  ionization.  Due  to  a  high  He  concentration  in  the 
operating  mixture,  the  electrons  cool  down  in  collision  with  He  to  the  gas  temperature.  An 
overcooled  plasma  forms  in  the  caustic  region  (Te  -v-  Tg  -  0.2  eV,  Ne  cm'^)  ,  in  which 

a  recombination  scheme  of  Xe(Ar)  pumping  may  be  attained. 


Thus,  we  have  shown  that  generation  in  lasers  operating  on  inert  gas  mixtures  occurs 
as  a  result  of  action  of  UV  radiation  from  a  hot  OB  plasma  kernel  on  gas  mixture  under  the 
conditions  of  plasma  SW  compression,  as  SW  is  capable  of  activating  AM  development.  Such 
high-power  sources  of  UV  radiation  as  electrical  discharge  and,  especially,  optical  break¬ 
down,  can  generate  a  great  number  of  excited  atoms  in  the  gas  mixture  bulk,  capable  of 
transferring  the  energy  efficiently  to  the  active  atoms. 
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Part  II. 


MECHANISi'lS  OF  ACTIVE  MEDIUM  FORMATION  IN  SPER-LASERS 


V.V. Apollonov,  S . I .Derznavin,  A. M. Prokhorov ,  A.A.Sirotkin 

General  Physics  Institute  of  the  USSR  Academy  of  Sciences,  Vavilov  str.39, 

117942  Moscow,  USSR 

Abstract 


Investigation  of  active  medium  parameters  of  lasers  witn  segmented  plasma  sources  of  me¬ 
tal  vapors  is  presented.  It  is  shown  that  in  the  process  of  active  medium  formation  of  SPER- 
laser  the  following  physical  phenomena  occur:  preonization  of  the  buffer  gas;  current  dis¬ 
persion  through  the  volume  of  an  expanding  plasma;  mixture  of  metal  vapors  and  buffer  gas 
by  plasma  expansion;  piasmochemicai  reactions  that  occur  in  the  expanding  plasma. 


Papers  /1-4/  present  the  data  on  the  segmented  plasma  excitation  and  recombination  laser 
(SPER-laser)  and  the  generation  of  transitions  of  atoms  and  ions  into  the  IR,  visible  and 
UV  wavelengths  ranges.  The  authors  of  71-4/  suggest  the  following  scheme  of  the  SPER-laser 
active  medium  formation.  When  a  high-voltage  current  pulse  is  applied  to  the  ends  of  the 
series  of  strips,  high-density  metal-vapor  plasma  is  formed  in  eacn  gap.  This  plasma  (con¬ 
sisting  of  an  evaporised  strip  material)  expands  hemispherically ,  cools  down  due  to  the  ex¬ 
pansion  and  collision  with  the  low-pressure  buffer  gas  and  recombines.  The  population  inver¬ 
sion  on  the  atoms  and  ions  transitions  is  formed  as  a  resuit  of  recombination  of  the  higher 
stages  of  ion  ionization. 

However,  there  has  not  been  research  confirming  the  suggested  scheme  of  the  active  medi¬ 
um  formationin  the  given  type  of  lasers.  This  is  the  aim  of  this  paper. 

We  used  an  experimental  arrangement  described  in  Fig.l.  Active  elements  of  lasers  consis¬ 
ted  of  a  series  (numbering  30  to  60)  of  metal  (Cd,  Zn,  In)  electrodes  (12x2x1  mm3)  positi¬ 
oned  on  a  glass  plate  so  as  to  leave  a  1-2  mm  gap  between  them.  They  werer  pumped  by  rectan¬ 
gular  current  pulses  In=20'r500  A  (V  =10-20  kV)  of  a  0.5t6  /usee.  The  axis  of  the  laser  reso¬ 
nator  was  parallel  to  a  series  of  metal  electrodes  with  a  distance  between  them  r  =0t20  mm. 
The  spectrum  lines  were  selected  by  monochromator  MDR-4,  spectrograph  DFS-452  and  registered 
by  photodiode  and  photomultiplier.  The  dynamics  of  the  plasma  expansion  was  studied  with  the 
help  of  the  electronic  -optical  photoregister  FER-7. 


monochromator 


Fig.l.  Schematic  diagram  of  the  experiment 

In  this  paper  the  spatiai-temporal  distribution  of  the  spectrum  lines  radiation  intensity 
of  the  metal  vapor  and  buffer  gas  atoms  and  ions,  plasma  expansion  dynamics,  and  SPER-laser 
radiation  parameters  have  been  experimentally  investigated. 

The  physical  phenomema  that  occur  during  the  SPER-laser  active  medium  formation  and  are 
beyond  the  above  scheme  have  been  obtained  from  the  analysis  of  the  experimental  data: 

1.  It  is  seen  from  a  high-speed  photo  of  the  plasma  glow  (Fig. 2.)  that  a  snarp  splash  of 
glow  occurs  on  the  forefront  of  the  pumping  current  pulse.  It  is  associated  with  tne  buffer 
gas  ionization  by  UV  radiation  /5/.  Then  the  plasma  obtained  in  the  gaps  between  the  elect¬ 
rodes  expands.  The  experiments  with  the  intracavity  laser  spectrograph  showed  chat  immedi¬ 
ately  behind  the  forefront  I  the  excited  buffer  gas  atoms  are  registered  fro  r  in  the 
range  of  0-16  mm.  So  the  plasma  expands  in  the  preliminary  preionized  buffer  gas. 

i.  The  infiuence  of  an  additional  current  pulse  caused  the  plasma  luminescence  over  all 
Its  volume  not  featuring  a  typical  glow  shape  when  expanding.  If  the  additional  current  pul¬ 
se  coincided  in  time  with  the  generation  collapse  for  any  r  without  time  delay.  It  is  pos¬ 
sible  when  the  current  flows  through  all  the  gained  plasma  volume  simultaneously,  or  a  hard 
ionizer  is  involved.  The  character  of  the  spectral  lines  radiation  by  the  sharp  current  col¬ 
lapse  was  similar  for  all  r  ,  that  also  indicates  the  current  dispersion  over  the  plasma 
volume.  Consequently,  the  pumping  is  accomplished  when  current  pulse  influences  aii  the  ex- 
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expanding  plasma  volume. 

3.  In  our  experiments  the  spatial-temporal 
distribution  of  the  spectrum  lines  intensity 
for  He  I ,  He  II,  Cd  I ,  Cd  II  was  similar  to 
that  of  the  radiation  in  He-Cd(He-Zn)  mixtu¬ 
res  pumped  by  a  high-voitage  discharge  /6/. 
Their  difference  lied  in  the  fact  that  the 
beginning  of  luminescence  of  metal  vapor 
atoms  and  ions  at  different  distances  from 
electrodes  was  determined  by  the  speed  of  the 
plasma  expansion.  It  is  necessary  to  note 
that  simultaneous  luminescence  of  the  metal 
vapor  and  buffer  gas  spectrum  lines  was  ob¬ 
served,  i.e.  in  the  process  of  plasma  forma¬ 
tion  and  expansion  an  effective  mixing  of  me¬ 
tal  vapir  and  buffer  gas  occurs. 

4.  Replacement  of  He  by  Ne  in  the  buffer 
gas  reduced  the  spectral  lines  intensity  from 

the  levels  9P,  8D,  6F  6G  for  Cd  II  (6P,  5D,  4F  for  Zn  II),  which  can  be  populated  as  a  re¬ 
sult  of  the  reaction  recharge  on  He+  ions.  The  temporal  character  of  luminescence  changed 
for  the  above  lines.  In  case  of  neon,  on  the  current  breakdown  there  was  not  a  durable  after 
glow  characteristic  of  the  He  buffer  gas,  only  a  short  recombinationai  splash  was  observed. 

These  e.xperiments  directly  show  that  the  process  of  metal  ions  production  is  connected 
with  the  recharge  reaction  of  metai  atoms  with  the  buffer  gas  ions.  Other  plasmochemicai  re 
actions  are  also  likely  to  occur. 

5.  It  was  found  that  the  optimum  duration  of  the  laser  pumping  pulse  was  nearly 

equal  to  3  sec.  Plasma  expansion  velocity  (."j,;,  was  about  4xi05cm/sec  at  In=i00  A  and  the 
buffer  gas  pressure  P 3  torr .  During  the  r„  time  the  plasma  expands  to  the  dimensi¬ 
ons  of  10-15  mm  and  after  the  current  breakdown  the  plasma  cooling  begins.  Under  these  con- 
ditionsthe  estimation  of  the  cooling  velocity  shows  that  the  cooling  by  bumping  collisions 
is  at  least  an  order  more  effective  than  the  expansional  one. 

From  the  experimental  results  given  above  it  is  possible  to  describe  the  following  sche¬ 
me  of  the  active  medium  formation  of  the  SPER-laser. 

When  a  high  voltage  pulse  influences  the  extreme  electrodes  of  the  active  element,  plasma 
IS  produced  in  every  gap  oetween  the  metai  stripes.lt  consists  of  atoms  and  ions  of  metai 
vapor  and  buffer  gas.  Plasma  expands  into  a  preionized  buffer  gas.  Metal  ions  occur  as  a 
result  of  plasmochemicai  reactions  with  buffer  gas.  At  the  end  of  the  current  pulse  the  plas 
ma  is  cooled  in  collisions  with  the  buffer  gas.  Inversion  may  occur  both  as  a  result  of  tri 
pie  recombination  and  plasmochemicai  reactions. 

When  studying  the  SPER-iaser  spatial  and  temporal  characteristics  on  atom  transitions  we 
observed  the  oscillation  region  displacement  in  the  process  of  plasma  cooling  (Fig. 3  a ) ; 
an  increase  in  the  time  delay  of  the  laser  radiation  pulse  compared  to  the  pumping  current 
at  a  growing  energy  (Fig. 41;  generation  breakdown  by  an  additional  current  pulse  (Fig.ibi,  - 
etc . 


Fig. 2.  Schematic  diagram  of  the  high  speed 
photo  plasma  glow. 


Fig. 3a.  Oscilloscope  trace  output  from  SPER- 
laser  and  current  pulse. 


Fig. 3d.  Oscilloscope  trace  output  from  SPER- 
laser  and  an  additional  current 
pulse . 


The  experimental  data  enable  us  to  state  that  the  population  inversion  in  SPEER-iascrs  on 
atom  transitions  is  formed  as  a  result  of  recombination  of  single  ions,  which,  in  turn,  may 
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occur 


occur  due  to  the  electronical  in- 
pect,  pl^smochemicel  reections 
end  pIso  recombination  of  the  high 
est-stpge  ions. 

During  the  current  pulse  influ¬ 
ence  (  0  <•  t  <-  Cn  )  the  Cd  end  Zn 
ions  mpy  occur  through  electroni- 
cpl  imppct  end  rechprge  reaction  , 
pnd  in  plpsmp  pfterglow  -  due  to 
rechprge  pnd  recombinetion . 

The  experiments  with  verious 
buffer  gt'seea  hpve  shown  thet  by 
use  of  Ne  the  intensity  of  spontp- 
neous  line  rpdiption  is  reduced 
plmost  by  pn  order  of  megnitude, 
the  lines  mey  be  populated  ps  p  re 
suit  of  rechprge  with  He-ions.  And 
such  intensity  reduction  wps  noti- 
cepble  both  during  the  pction  of 
the  pumping  current  end  in  pfter¬ 
glow.  It  is  pIso  necesspry  to  men¬ 
tion  thpt  when  He  wps  chpnged  by 
Ne,  rpdiption  intensity  of  SPER- 
Ipser  on  etoms  trensitions  v;ps  pc- 


Pig.4.  Phpse  distribution  of  the  oscillption  region. 


^  [Q  /g  tuplly  invpripble,  i.e.  in  the 

*■  ■*  first  ppproximption  the  number  of 

recombined  single  ions  mpy  be  con- 

Pig.4.  Phpse  distribution  of  the  oscillption  region.  sidered  constpnt . 

These  experiments  suggest  thet  the 

process  of  metel  ion  formption  through  the  rechprge  repction  He+  +Cd-^He  +  Cd+’''  (He+  +  Zn 
He  +  Zn+*)  is  plmost  by  pn  order  more  effective  then  thpt  due  to  electronicpl  shock 
or  recombinption . 

In  /7/  it  WPS  pIso  mentioned  thpt  the  populption  of  levels  wps  pIso  possible  through 
the  Penning  repction  He(23Si)  +  Cd(53p2)-^He  +  Cd'*'*  +  e. 

In  /3-4/  the  generption  in  visible  pnd  UV  wpvelengths  renges  is  described,  let  us  con¬ 
sider  the  question  of  probpbility  of  populption  of  the  upper  Ipser  levels,  In  III  pnd 
B1  III,  with  the  help  of  plpsmochemicpl  repctions. 

In  Fig. 5  pprtipl  energy  level  diegrems  for  In  end  Bi  pre  shown.  It  is  deer  thpt  their 
structures  pre  very  much  plike.  The  ground  stptes  of  ln++  end  Bi"'"'’  pre  positioned  neer  the 
resonpnce  with  He"*",  thpt  la  why  the  rechprge  repction  is  possible  simultaneously  with  the 
Penning  ionisation. 

It  is  noted  in  /8/  that  for  these  reactions  proceeding  with  the  total  energy  of  electro 
nic  shells  preserved,  feature  large  cross  sections  ((5~  1 0“1 5cm"^ ) . 

More  over,  it  follows  from  the  diagrams  (Fig, 5)  that  for  the  given  elements  the  energy 

fpps  between  the  In++,  Bi ground  states  and  upper  laser  levels,  4f‘^P°  In  II  and 
f2p°  Bi  III,  are  20.08  eV  and  20.114  eV,  respectively,  which  are  near  the  resonance 

with  metastable  He(2  Sq)  and  He(23s.))  states. 
Consequently,  the  transition  excitation 

El'?''']  should  proceed  effecti^vely  according  to  the., 

following  scheme  He (2  S„)  +  In''"''-“He  +  In'*' 

In  er  (He(2'So)  +  Bi++ -- He+  Bi  ' +*  ) . 

^0  '  Lc^Fsa  ~  ,  -  ?  This  two-step  process  of  recharging  with 

'  ~730£78A  fSasi  ~  6f'  Penning  ionization  with  He+  ion  and  transi- 

-  2C7/fl — tion  of  excitation  from  He  metastable  may 

lead  to  selective  population  of  the  upper  la- 
^0  ser  layers  in  Inlll  and  Billl . 

All  mentioned  above  makes  it  clear  why  no 
generation  has  been  attained  on  BilII(5f^Po  - 
-  He  ]  pi  I  -6p‘^P)  transitions  at  X  -  2074  A.  This  is 

-  explained  through  a  great  difference  between 

the  energy  gaps  of  the  Billl ( 1 7 .04eV )  layer 
yp  and  He  metastable  and,  consequently,  through 

'^'3  ■  low-efficient  excitation  transmission. 

Thus,  the  present  paper  shows  that  in  the 
-f  ♦  process  of  active  medium  form,ption  of  the 

iO  ■  _  SPER-laser  the  following  physical  phenomena 

_  are  observed:  1)  preionization  of  the  buffer 

In  _  bi  _  gps;  2)  current  dispersion  through  the  volume 

of  an  expanding  plasma;  3)  Mixture  of  metal 
vapors  and  buffer  gas  due  to  plasma  expansion 
Pig. 5.  Partial  energy  level  diagrams  in  4)  Plasmochemical  reactions  that  occur  in  the 

In  and  Bi .  expanding  plasma ;  5)  Mostly  colllsional  me- 


E  I  e'''] 

In 


_30£78A  /5J(Sa‘ 
2c7/a' 


Pig. 5.  Partial  energy  level  diagrams  in 
In  and  Bi . 
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chpnlsm  of  plpsmp  coding.  It  hps  been  noted  thrt  populetion  inversion  on  pto.,i  trpnsitions 
is  formed  PS  p  result  of  recombinetion  of  single  ions,  on  ion  trmsitions  -  ps  p  result 
of  rechprging  md  other  pl^ smochemicpl  repctions. 
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Abstract 

The  feasibility  of  producing  vacuum  ultraviolet  lasers  using 
ionic  alkali  balide  excimer  transitions  is  discussed.  Fluore.scence  at 
185  nm  due  to  the  C.v‘*  E“  ,  B)  ->  C.v*F(-Z„2.^)  transition 
has  been  observed  using  a  laser  produced  plasma  to  excim  CsF 
vapor  in  a  heatpipe.  In  addition,  the  prop  ^ed  pumping  oi  core- 
excited  alkali  transitions  by  collisional  energy  excbange  with 
electron-beam  excited  rare  gases  is  di.scus.sed. 

Introduction 

The  interest  in  atomic  and  molecular  processes  leading  to  emis¬ 
sion  in  the  extreme  ultraviolet  (XUV)  and  the  vacuum  ultraviolet 
(VUV)  has  grown  considerably  because  of  their  potential  to  lead  to 
lasers  in  this  spectral  region.  The  extensive  experimental  effort  in 
this  area  attests  to  the  difftculty  of  obtaining  an  inversion  between 
states  ser  ■■  ued  in  energy  by  10  to  100  eV.  To  obtain  such  short 
wavelength  transitions,  most  approaches  to  date  have  been  to  consider 
core-excited  atomic  or  excited  ionic  transitions.  In  the  vacuum  ultra¬ 
violet  region,  however,  another  approach  !  .ts  recently  been  proposed, 
using  ^excited  molecular  species  such  as  the  ionic  aUali  halide  exci- 
mers.  The  ionic  alkali  halide  excimers  are  isoelecironic 

in  structure  to  the  well-known  are  gas  halide  excimers  (Rn* X~) 
and,  th  “fore,  are  predicted  to  emit  in  the  vacuum  ultraviolet  on  the 
A^*  X~  ■  >  A*X  transitions. 

This  paper  reports  the  first  observation  of  fluore.scence  from  the 
Cs^*  F~  state  at  185  nm  using  a  laser-pr^-^  jced  plasma  as  the  excita¬ 
tion  source.  The  dependence  of  the  .iic  excimer  emission  on  C.vF 
vapor  pressure  and  tempo  all)  resolved  emission  from  Cs^*  F~ 
report  d.  In  additi^  to  these  molecular  transition.s,  this  paper  will 
discuss  a  method  of  pumping  core-excited  alkali  atomic  transitions 
using  electron  beam  excitation. 

Ionic  Alkali  Halide  Excimers 

Several  groups  have  recently  shown  that  inner-shell  transitions 
of  atoms  and  atomic  ions  in  the  10 eV  to  60eV  range  can  be 
efficienl|\jexcited  by  the  soft  x-rays  emitted  from  a  iaser-produced 
plasma.-’  The  A^*  X~  states  of  the  ionic  alkali  halides  are  similar 
to  an  inner-.shell  ionization  state  of  an  atom  in  that  the  A^*  X~  states 
constitute  the  next  higher  ionization  limit  of  the  neutral  alkali  halide 
molecule  (A*  X~)  above  the  first  ionization  limit  corresponding  to 
the  A  *  V  state.  This  can  be  seen  from  Fig.  1,  which  shows  a  calcu¬ 
lated  potential  diagram  for  the  Cs^''  F~  Cs*  F  transition.  The 
similarity  of  F~  to  an  atomic  inner-shell  ionized  state  sugge.as 
that  laser-produced  plasmas  may  also  be  suitable  for  excitation  of 
these  ionic  excimer  states. 

The  experimental  apparatus  used  to  produce  Cs^*  F~  is  shown 
in  Fig.  2.  The  output  of  an  oscillator/amptifier  injection-controlled 
KrF  laser  was  focu-^ed  onto  a  tantalum  target  inside  a  heatpipe  cell 
that  contained  CsF  vapor.  The  KrF  laser  provided  a  750  mj  pulse 
with  a  25  ns  pulse  width  at  248  nm  in  a  1.5  x  3  cm^  rectangular 
mode.  For  me ;  of  the  experiments,  the  laser  was  operated  at  a  5-7 
Hz  pulse  repetition  frequency.  The  laser  beam  was  focused  by  a 
quartz  lens  with  a  focal  length  of  43  cm  at  248  nm.  The  spot  size  in 
the  focus  was  determined  to  bo  approximately  square  with  sides  of 
100  pm  in  length,  which  corresponds  to  a  power  density  of  approxi¬ 
mately  lO"  W  cm"^  in  the  focus. 


‘Permumnt  address:  Physikalischos  Insiilul  dcr  Universilal  Wur..;:ur)».  Am 
f-fu^fand,  O  K 700  Wurzburg,  F.K,  Ctcrmany. 


The  heatpipe  cell  used  to  produce  the  CsF  vapor  was  built 
according  to  the  design  described  in  References  12,41.  It  consisted  of 
four  arms,  arranged  as  shown  in  Fig.  2,  each  about  40  cm  long.  A 
lifdi  arm  was  tilted  at  a  45°  angle  with  respect  to  the  plane  defined  by 
the  four  arms  shown  and  allowed  for  visual  inspection  of  the  target. 
A  tantalum  target  was  mounted  on  a  hollow  stainless  steel  tube  con¬ 
taining  an  electric  heater.  This  target  rod  was  rotated  by  an  electric 
motor  to  provide  a  new  target  surface  on  successive  shot.s.  Tlie  cell 
was  heated  by  ceramic  heati-rs  wrapped  in  thermal  insulation  material 
and  was  capable  of  operation  above  1000°  C.  In  the  present  experi¬ 
ments,  the  heatpipe  was  typically  operated  between  700° C  and 
800°  C.  At  those  temperatures,  a  CsF  vapor  pressure  of  several  Torr 
could  be  achieved.  Stable  heatpipe  operation  was  found  for  CsF 
pressures  between  1  Torr  and  10  Torr,  and  the  CsF  pressure  was 
controlled  by  the  He  buffer  gas  pressure. 

In  the  apparatus  .shown  in  Fig.  2,  a  10  cm  focal  length  CaF2 
lens  was  used  to  collect  the  radiation  from  the  latter  plasma  zone  and 
to  focus  it  onto  the  entrance  slit  of  a  0.2  m  VUV  monochromator  with 
adjustable  slits.  The  slit  widths  used  in  these  experiments  ranged 
fiom  100  pm  to  250  pm,  corresponding  to  a  spectral  resolution  of 
between  0.3  to  1  nm.  The  tantalum  target  was  placed  about  0.5  cm 
from  the  optical  axis  of  the  spectrometer.  Fluorescence  was  collected 
from  the  entire  interaction  zone.  A  photo-multiplier  tube  equipped 
with  a  sodium  salicylate  scintillator  was  u.sed  as  a  detector.  The  rise 
time  of  this  detector  was  about  5  ns  Single-shot  temporally-resolved 
obseA'ation  of  the  fluorescence  was  possible  using  a  high-speed 
storage  o.scilloscope.  Time-integrated  spectra  were  obtained  by  a 
boxcar  integrator  triggered  by  a  pulse  from  the  excimer  laser. 

The  emission  spectrum  obtained  from  laser-produced  plasma 
excited  CsF  vapor  at  4  Torr  is  shown  in  Fig.  3.  A  distinct  peak  at 
185  nm  is  ob.served.  The  emission  extends  from  about  190  nm  to  at 
least  170  nm.  The  185  nm  fluorescence  is  the  only  emission  detected 
between  200  nm  and  150  nm.  In  addition  this  fluorescence  exhibits  a 
temporal  width  of  about  30  ns,  as  shown  in  Fig.  4.  This  is  only 
slightly  longer  than  the  excimer  laser  pulse,  suggesting  a  short  radia¬ 
tive  lifetime  in  qualitative  agreement  with  the  predictions  of  Ref.  fl]. 
The  general  shape  and  peak  position  of  the  fluorescence  emission  is 
in  good  agreement  with  t.ie  result  reported  in  Ref.  (51,  where  ion 
beam  excitation  was  used.  The  peak  wavelength  compares  well  with 
the  prediction  of  Ref.  |1],  and  it  may  be  concluded  that  the  emission 
is  due  to  the  ionic  excimer  transition: 

Cs^*  F-  -»  Cs*F  +  hv. 

Since  the  ionic  alkali  halide  excimers  are  isoelectronic  to  the 
■  tral  rare  gas  halide  excimers,  the  same  molecular  eIe,Jtronic  states 
are  expected.  Based  on  the  short  lifetime  of  the  Cs'*  F~  state  and 
its  spectral  width,  the  molecular  band  at  185  nm  may  be  assigned  to 
the  C.\ E' (’Z|.2  ,  S) 0  (‘Zi,2  .  A)  transition.  Contrary  to 

•he  results  shown  in  Ref  (51,  no  indication  of  emission  at  shorter 
wavelength  was  found,  which  may  be  due  to  the  different  excitation 
process. 

The  rapid  rise  time  of  the  Cs^*  F  '  (B)  fluorescence  suggests  a 
direct  production  mechanism  ot  the  ionic  CAC'mer  state  bv  .soft  x-rays 
emitted  from  the  la.ser-prodiiced  plasma.  As  shown  in  Fig.  1,  ground 
state  CsF  molecules  are  photoionized  to  the  second  ionization 
potential  17  eV  above  the  ground  state.  Due  to  ;h;  smaV  equili¬ 
brium  inter-nuclear  distanc  e  of  the  B-state  as  compared  lO  the  neutral 
CsF  ground  stale,  ionization  should  occur  predominantly  into  higher 
vibrational  levels  of  the  B-state.  V'ibrational  relaxation  is  s'ow  at 


160 


CsF  ground  slate  densitiL's  of  sevcRil  Id''’ cm  '  and,  therefore,  a 
broad  unstructured  emission  spectrum  from  a  vihrationally  and  roia- 
tionally  hot  molecule  is  expected.  This  is  in  qualitative  agreement 
with  tne  experiment  (Tig.  2).  However,  generation  of  electrons 
through  photoionizalion  of  C.-.F  by  soft  .x-rays  and  suhse.;uent  elec¬ 
tron  impact  ionization  of  C\\F  to  the  second  ionization  limit  cannot 
be  excluded. 

Since  the  cross  section  for  stimulated  emipion  for  the  18.5.4  nm 
transition  is  expected  to  be  about  lO"’  cnv  ,  upper  state  densities 
of  the  order  of  lO''  cm“'  are  necessary  for  gains  of  C  1  cm^'.  .Such 
densities  have  been  achieved  in  core -excited  ionic  systems  using  laser 
produced  plasmas,'  but  the  excitation  lengths  aie  usually  -mall 
-  I  cm.  Electron  beam  excitation  of  the  ionic  alkali  halide  e.xcimers 
may  provide  l.irgcr  gain  lengths,  but  laser-produced  plasma  excitation 
provides  a  very  suitable  source  for  the  spectroscopic  examination  of 
this  interesting  class  of  molecules.  This  excitation  technique  may 
also  prove  useful  in  the  study  of  other  excimer-like  transitions  in 
molecular  ions  de.scribed  in  Refs.  1  and  7. 

re  -  h.xc  1  ted  A 1  k  a  I  i  z\  t  oni  s 

8 

Recently,  Harris,  et  al.,  have  proposed  using  quasimelasiahle 
alkali  quartet  levels  for  the  construction  of  XUV  lasers.  These  stales 
are  core-excited  levels  which  are  .somewhat  metastable  against 
auioionizalion  due  to  angular  momentum  and  spin  selection  niles. 
The.se  states,  in  the  case  of  heavy  alkali  atoms,  have  high  radiative 
rales  and  could  be  used  tis  the  upper  laser  level.  Another  possibility 
would  be  to  accumulate  atoms  in  these  quasimelastable  levels  and 
then  use  an  ultrafast  tunable  dye  laser  to  transfer  the  stored  population 
to  a  nearby  upper  laser  level.  Both  of  these  techniques  rely  on  first 
exciting  large  densities  of  quasimctastable  atoms. 

Harris,  et  al.,  have  used  microwave,  hollow  cathode,  and  hiser^j 
produced  plasma  excitation  to  generate  the.se  quasimela.stable  states. 
Another  method,  however,  would  be  to  use  an  electron  beam.  Using 
an  approach  suggested  by  f’apanyan,  et  al.,  an  electron  beam  will 
first  excite  metastable  rare  gas  atoms  which  will  subsequently  pro¬ 
duce  metastable  alkali  quartet  atoms  by  collisional  excitation.  This 
technique  capitalizes  on  the  tnetastaoility  of  the  alkali  quartet  storage 
levels  by  utilizing  the  extended  lifetime  of  these  states  to  achieve  a 
large  energy  deposition  into  the  active  medium.  In  addition  this 
method  of  excitation  should  easily  produce  active  lengths  of  10  cm  or 
more  which  are  appropriate  for  producing  singlc-pa.ss  siiperlluores- 
cent  lasers.  It  Is  more  diflicult  to  achieve  such  active  lengths  using 
other  methods  of  excitation  such  as  laser-produced  plasmas. 

Of  particular  interest  is  the  transition 

Wbld/rS.sSp  ■'.Si;)  -t-  82.4  nm  , 

which  has  a  cros^  section  for  stimulated  emission  of  approximately 
5  X  I0‘"  cm^ ,  This  transition  is  shown  in  F  ig.  .5.  This  quartet 
level  is  a  prime  candidate  for  electron  beam  excitation  as  a  result  of 
its  energy  being  nearly  resonant  with  excited  levels  of  neon.  The 
/fh  (4/)'5.sSp  ‘'.S;,;)  level  at  16.641  eV  lies  between  the 
AV(2p  '.Tv  V„)  level  at  16.71  eV  and  the  A'e(2/; '.Vv level  at 
16.62  eV. 

To  affect  the  collisional  transfer  of  energy  from  the  excited 
neon  levels  to  the  Fh  quartet,  .A'e  and  F/i  vapor  must  he  mixed  in 
an  appropnatc  cell  for  electron  be.im  exeilaiion.  The  exiserimenial 
appar.itiis  is  shown  in  F  ig.  6,  It  consist'.  4  a  heated  celt  with  a  S)  )tni 
inconel  foil  f.ir  coupling  in  the  electron  beam  The  cell  can  he 
oper.ited  up  to  teniperanires  of  8.50'’ K.  The  healed  cell  is  thermally 
insulated  from  the  caihode  housing  hy  a  small  air  gap.  Ihe  c.iihode 
housing  IS  sealed  by  a  50  pm  tiianium  foil.  Iloth  the  foils  on  the  cell 
and  the  cathode  housing  are  supirorted  by  a  Hibachi  structure.  The 
cell  IS  coupled  to  a  VU'V  detection  sysiern.  consisting  ol  a  0.2  meter 
vacuum  spectrometer  and  appropri.ite  delectors  F'or  oper.itioii  in  the 
spectral  region  below  105  iiiii,  where  no  window  materials  ate  avail¬ 
able,  the  specironieiei  .ind  re.Mion  cell  can  both  he  pressured  with 
Ac  up  to  1  2  atm  At  this  huoci  g.is  fiiessuie.  the  reaction  cell  b.is 


been  reliably  0|X'ratcd  al  up  to  10  Torr  of  Hh  vapor  pressure.  The 
nibidium  vapor  pressure  was  measured  by  calculating  the  equivalent 
width  of  a  ground-slate-to-resonance-level  ab.sorpiion  prolile  using  a 
while  light  source  extenor  to  the  healed  cell. 

If  effective  collisional  energy  transfer  to  the  quasunetastahles 
can  be  achieved  using  this  technique,  the  established  electron  beam 
technology  that  has  been  used  for  many  years  in  e.xcimer  research 
should  prove  a  valuable  new  approach  to  producing  .XI;  V  lasers. 
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Figure  5.  Schematic  of  Ne  and  Rb  levels  appropriate  for  excita-  Figure  6.  Electron  beam  apparatus  for  excitation  of  Ne-Rh 
tionofthe  Rh  (4p^5s5p  ‘‘S3, 2)  level.  mixtures. 
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Abstract 

Aurora  is  the  Los  Alamos  short-pulse,  high-power, 
krypton-fluoride  laser  system.  It  serves  as  an  end-to-end 
technology  demonstration  prototype  for  large-scale 
ultraviolet  laser  systems  for  short  wavelength  inertial 
confinement  fusion  (ICF)  investigations.  The  system  is 
designed  to  employ  optical  angular  multiplexing  and 
serial  amplification  by  electron-beam-driven  KrF  laser 
amplifiers  to  deliver  stacked,  248-nm,  5-ns  duration  multi¬ 
kilojoule  laser  pulses  to  ICF-relevant  targets.  This  paper 
presents  a  summary  of  the  Aurora  system  and  a 
discussion  of  the  progress  achieved  in  the  construction 
and  integration  of  the  laser  system.  We  concentrate  on 
the  main  features  of  the  following  major  system 
components;  front-end  lasers,  amplifier  train,  multiplexer, 
optical  relay  train,  demultiplexer,  and  the  associated 
optical  alignment  system.  During  the  past  year,  two  major 
construction  and  integration  tasks  have  been 
accomplished.  The  first  task  is  the  demonstration  of  96- 
beam  multiplexing  and  amplified  energy  extraction,  as 
evidenced  by  the  integrated  operation  of  the  front  end,  the 
multiplexer  (12-fold  and  8-fold  encoders),  the  optical  relay 
train,  and  three  electron-beam-driven  amplifiers.  The 
second  task  is  the  assembly  and  installation  of  the 
demultiplexer  optical  hardware,  which  consists  of  over 
300  optical  components  ranging  in  size  from  several 
centimeters  square  to  over  a  meter  square. 

I.  Introduction 

KrF  lasers  are  promising  candidates  for  inertial 
confinement  fusion  drivers  (ICF)  because  they  have  the 
following  specific  advantages: 

•  Short  wavelength  (which  couples  more  efficiently  to 
fusion  targets  than  either  infrared  or  visible  lasers); 

•  Decreased  superthermal  electron  production; 

•  Increased  plasma  penetration,  which  leads  to  high 
ablation  pressures; 

•  Broad  bandwidth  (which  tends  to  decrease 
deleterious  nonlinear  plasma  processes); 

•  High  intrinsic  laser  efficiency; 

•  Economical  construction  cost; 

•  High  energy  scalability; 

•  Potential  for  repetitive  operation. 


However,  because  of  a  relatively  low  saturation  flux, 
large  nonsaturable  absorption  losses,  and  the  non¬ 
storage  nature  (short  excited  state  lifetime)  of  the  laser 
medium,  the  KrF  laser  must  be  scaled  to  large  aperture 
sizes  and  operated  in  a  long  pulse  (>100  ns)  mode  to 
produce  efficient  high  energy  (kJ-  and  MJ-class)  outputs. 
Because  efficient  coupling  of  the  laser  energy  to  a  fusion 
target  requires  a  laser  pulse  duration  with  an  energetic 
component  of  ~5  to  10  ns,  a  means  of  matching  the  target 
pulse  duration  requirement  to  the  laser  amplifier  pulse 
duration  must  be  provided. 

At  Los  Alamos,  we  have  employed  the  technique  of 
optical  multiplexing  to  accomplish  this  match  because  it 
utilizes  existing  designs  and  conventional  optical 
methods.  Figure  1  shows  the  concept.  The  application  of 
multiplexing  to  a  kilojoule-class  KrF/ICF  laser  driver  will  be 
investigated  at  LANL  with  the  Aurora  system. 

The  Aurora  KrF/ICF  technology  demonstration 
prototype  system  employs  optical  angular  multiplexing 
and  serial  amplification  by  elect''on  beam-pumped  KrF 
laser  amplifiers  to  deliver  5-  to  8-kJ,  248-nm  laser  pulses 
of  5-ns  duration  to  ICF  targets.  Aurora  is  being  built  in  two 


Fig.  1 :  A  schematic  diagram  that  illustrates  the  concept  of 
optical  angular  multiplexing.  From  the  front  end  pulse,  an 
encoder  produces  a  head-to-tail  train  of  pulses  that  are 
slightly  separated  in  path  angle.  This  pulse  train  is  then 
amplified  and  the  individual  pulses  are  sent  along  appro¬ 
priate  flight  paths  such  that  all  the  pulses  arrive  at  the  tar¬ 
get  simultaneously. 
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phases:  the  first  phase  (which  has  been  essentially 
completed)  includes  the  multiplexing  and  serial 
amplification  features,  while  the  second  phase  includes 
the  additional  end-to-end  demonstrations  of  demulti¬ 
plexing  and  delivery  of  laser  pulses  to  fusion  targets.  The 
system  has  been  described  in  great  detail  in  several 
earlier  publications. ''■3  The  main  power  amplifier  in  the 
system,  the  Large  Aperture  Module  (LAM)  has  a  laser 
aperture  of  1  m  x  1  m  and  is  the  largest  and  most 
energetic  existing  ultraviolet  laser  of  its  type  so  far 
reported,  having  produced  in  excess  of  10  kJ  of  248-nm 
laser  light  when  operated  as  a  nonoptimized  unstable 

resonator.4,5 

The  Aurora  prototype  will  demonstrate  critical 
technologies  involved  in  developing  KrF  drivers  for  fusion 
and  will  serve  as  a  test-bed  for  some  particular 
technological  aspects  of  larger  laser  fusion  systems.  In 
particular,  Aurora  will  examine; 


•  uniform  electron  beam  pumping  of  large  laser 
volumes; 

•  optical  angular  multiplexing  and  demultiplexing 
systems  that  are  scalable  to  large  system  designs; 

•  staging  of  large  KrF  amplifiers; 

•  uv  pulse  propagation  over  long  paths; 

•  alignment  of  multibeam  systems; 

•  novel  approaches  to  optical  hardware  that  can  lead 
to  cost  reductions  for  even  larger  systems. 

Figure  2  shows  a  conceptual  layout  of  the  Aurora 
system  as  it  is  presently  configured.  This  figure  illustrates 
all  of  the  main  optical  and  laser  elements  from  the  front 
end  through  the  the  final  power  amplifier  output,  and  on  to 
the  target  system.  The  first  phase  part  of  the  system 
employs  the  components  from  the  front  end  to  the  LAM 
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Fig.  2;  A  conceptual  layout  of  the  Aurora  laser  system.  All  of  the  main  optical  and  laser  elements  from  the  front  end, 
through  the  final  amplifier  output  and  on  to  the  target  are  shown.  Stage  gams,  number  of  beams,  and  beam  energy  are 
indicated  at  various  points  along  the  beam  path.  Typical  delivered  energy  at  the  target  is  expected  to  be  ~  5  kJ  in 
48  beams. 


output.  In  this  phase,  the  basic  approach  is  to  replicate  the 
front  end  output  using  aperture  slicers,  beamsplitters,  and 
mirrors  to  produce  a  480-ns  long  pulse  train  consisting  of 
96  beams  each  of  5-ns  duration.  These  encoded 
(multiplexed)  pulses,  which  are  spatially  separated,  are 
then  individually  adjusted  at  the  entrance  pupil  of  an 

optical  relay  system.  The  beam  train  is  then  relayed 
through  two  single-pass  laser  amplifiers  (the  Preamplifier 
and  Intermediate  Amplifier),  a  double-pass  laser  amplifier 
(the  Large  Aperture  Module),  and  delivered  to  the  optical 
multiplexer  (decoder).  Beam  train  alignment  to  the 
multiplexer  is  accomplished  with  two  automated  alignment 
systems.  One  system  points  each  of  the  96  beams 
through  the  Preamplifier  entrance  pupil  and  the  second 
keeps  the  Large  Aperture  Module  primary  mirror  aligned 
in  real  time.  In  principal,  a  final  optimized  design  output  of 
1 5  to  20  kJ  can  be  expected  from  the  LAM. 

To  deliver  short-pulse  KrF  laser  energy  to  fusion 
targets,  the  system  will  require  decoder  (demultiplexer) 
optics  to  compress  the  multiplexed  beam  train  and  a  target 
facility  to  house  and  perform  diagnostics  on  fusion  targets. 
The  second  phase  of  Aurora  will  be  concerned  with  an 
end-to-end  demonstration  of  multiplexing,  amplification, 
demultiplexing,  and  delivery  of  energy  to  target.  Due  to 
fiscal  and  programmatic  constraints,  only  48  beams  from 
the  set  of  96  mutiplexed  and  amplified  beams  will  be 
demultiplexed  and  sent  to  target  in  the  next  one  to  two 


years.  Figure  3  shows  an  artist's  conception  of  the 
second-phase  Aurora  system  as  it  will  appear  with  a  48- 
beam  demultiplexer  and  target  building  in  place.  As 
configured,  this  system  is  designed  to  stack  48  of  the  96 
beams  into  a  single  multi-kilojoule  5-ns  pulse  at  the  fusion 
target. 

In  this  paper,  we  will  present  brief  surveys  of  the  front 
end,  the  amplifiers,  the  multiplexer  and  relay  optics,  the 
alignment  system,  and  the  demultiplexer  optics.  The  tar¬ 
get  irradiation  apparatus,  which  is  adequately  treated 
elsewhere,®  will  not  be  described  here,  other  than  to  say 
that  considerable  progress  has  been  made  in  the 
installation  of  the  targej  chamber  and  associated  appara¬ 
tus.  Progress  achieved  in  the  construction,  testing,  and 
integration  of  the  laser  system  over  the  past  year  will  also 
be  discussed. 

2.  Front-End  System 

The  front-end  system  provides  the  initial  pulse  that  is 
replicated  and  then  amplified  for  delivery  to  the  target. 
The  Aurora  front-end  system  is  progressing  in  stages  that 
correspond  to  the  two  phases  of  the  project.  An  interim 
front  end  now  provides  5-ns  pulses  adequate  for  startup 
and  initial  integration  of  the  amplifier  chain.  A  front  end  to 
be  installed  later  (but  developed  during  the  past  year)  will 
provide  high-contrast  ratio,  pulse  shaping,  and  bandwidth 
flexibility. 


Fig.  3:  An  artist's  conception  of  the  Aurora  system  with  the  48-beam  decoder  and  target  building  in  place.  Most  of  the 
system  is  now  built  and  is  in  the  process  of  system  integration. 


2a.  Baseline  Front  End  for  Multiplexing 
Demonstrations 

The  first-phase  front-end  system  uses  Pockels  cells  to 
switch  out  a  5-ns  pulse  from  a  longer  25-ns  pulse 
produced  by  a  commercial  electric  discharge-pumped, 
injection-locked  KrF  oscillator-amplifier  system.  The  5-ns 
pulse  is  then  split  into  two  identical  5-ns  pulses  that  are 
then  amplified  by  a  commercial  TEA  KrF  postamplifier  and 
sent  to  the  12-fold  encoder  (multiplexer).  The  combined 
energy  of  the  two  pulses  is  approximately  250  mJ.  The 
performance  of  the  system  (total  energy,  contrast  ratio, 
and  beam  divergence)  is  determined  by  the  character¬ 
istics  of  the  Pockels  cell,  the  oscillator-amplifier,  and  the 
post  amplifier. 

After  emerging  from  the  second  switch  and  polarizer 
set,  the  single  5-ns  pulse  is  split  into  two  identical  pulses 
by  the  beamsplitter  and  then  passed  through  two  parallel 
electric  discharge  post  amplifiers.  Upon  emerging  from 
the  post  amplifiers,  the  two  5-ns  pulses  typically  contain  a 
total  energy  of  approximately  350  mJ;  this  is  more  than 
sufficient  energy  for  the  multiplexing  demonstration.  The 
shape  of  the  5-ns  pulses  emerging  from  the  post 
amplifiers  is  determined  by  the  effective  excited  state 
lifetime  of  the  KrF  gain  medium  (which  is  due  to  a  short 
spontaneous  lifetime  of  about  6  ns  and  the  effect  of 
collisional  quenching).  The  KrF  gain  medium  is  in  fact  an 
energy  storage  medium  with  an  effective  lifetime  of  2  - 
2.5  ns,  which  results  in  an  amplified  pulse  with  a  strong 
spike  on  the  leading  edge. 

2b.  Advanced  Front  End  for  Target  Shooting 

The  above  front-end  configuration  meets  the 
requirements  for  the  proof-of-principle  demonstration  of 
the  technique  of  angular  multiplexing,  but  will  not  be 
adequate  for  the  delivery  of  energy  to  fusion  targets  since 
the  contrast  ratio  is  only  of  order  100:1.  To  provide  a  high 
quality  target-shooter  front  end.  Stimulated  Brillouin 
Scattering  (SBS)  phase-conjugate  mirrors  have  been 
used  to  improve  the  baseline  front  end  lasers. 

The  modified  front  end^  (which  contains  many 
components  common  to  the  baseline  front  end  )  is  shown 
in  Figure  4.  It  takes  advantage  of  commercially  available 
units,  which  are  then  appropriately  modified.  A  Lambda 
Physik  Model  EMG-150  KrF  laser  (which  contains  two 
discharge  heads  that  are  used  as  an  oscillator-amplifier 
arrangement)  comprise  the  main  components  of  the  new 
front  end.  The  oscillator  cavity,  which  consists  of  a  10-m 
concave  high-reflectivity  mirror  and  a  60%  reflectance  flat 
output  coupler  separated  by  1.25  m  with  a  1-mm 
intracavity  aperture,  was  operated  with  a  moderate 
amount  of  dispersion  provided  by  a  single  prism.  This 
resulted  in  a  bandwidth  of  ~10  cm-T  The  10-mJ,  20-ns 
pulse  from  the  oscillator  is  optically  delayed  by  20  ns  to 
compensate  for  the  built-in  delay  between  the  two 
discharge  laser  heads.  A  polarizer  placed  in  the  output 
beam  provides  linear  polarization.  A  beam-expanding 
telescope  then  expands  the  beam  to  overfill  the  1.5-cm  x 
3.0-cm  cross  section  of  the  preamplifier.  An  aperture  at 
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Fig.  4:  Schematic  diagram  of  the  Aurora  front  end  using 
phase  conjugation  by  Stimulated  Brillouin  Scattering 
(SBS). 

the  focus  of  this  telescope  stops  the  backward  amplified 
spontaneous  emission  (ASE)  from  damaging  the 
telescope  input  lens  if  the  oscillator  fails  to  operate.  The 
beam  is  injected  into  the  preamplifier  by  a  9%  S-plane 
reflection  from  an  uncoated  wedged  beamsplitter. 

After  one  pass  of  amplification,  the  beam  is  focused  by 
a  25-cm  focal  length  lens  Into  the  SBS  cell  containing 
20  atm  of  SFg.  The  phase-conjugate  reflection  produced 
when  the  medium  reaches  threshold  is  returned  through 
the  preamplifier,  amplified  a  second  time,  and  taken 
through  the  beamsplitter.  The  SBS  pulse  width  can  be 
varied  by  attenuating  the  oscillator  beam.  This  controls 
the  amount  of  time  required  to  reach  threshold  in  the  SBS 
medium.  The  oscillator  attenuation  has  been  adjusted  to 

provide  the  required  pulse  width  of  5  ns.  This  pulsewidth 
is  very  reproducible  (<0.2  ns  pulse-to-pulse  variation). 

The  1.5-cm  x  3.0-cm  output  beam  from  the  preamplifier 
is  expanded  with  a  2x  telescope  to  form  a  3-cm  x  6-cm 
beam.  This  beam  is  split  with  a  scraper  mirror  into  t'/o 
identical  square  beams  of  size  3  cm  x  3  cm.  Each  of  these 
beams  is  single-pass  amplified  through  a  separate 
Lumonics  amplifier  and  delivered  to  the  encoder. 

The  performance  of  the  advanced  front  end  shows 
improvement  in  several  areas  when  compared  with  the 
baseline  front  end  that  used  Pockels  cells  and  polarizers 
to  create  the  5-ns  pulse.  The  prepulse  has  been  reduced 
as  evidenced  by  an  instrumentation-limited  measurement, 
which  showed  a  prepulse  energy  of  <10’'*  of  that  in  the 
main  pulse.  Final  beam  quality  from  the  amplifier  is  now 
1.5  times  diffraction  limited  (1.5  x  DL)  as  compared  to  5.0  x 
DL  previously.  The  output  energy  has  been  doubled  and 
the  maximum  pulse  repetition  rate  has  been  increased 
from  one  pulse  per  minute  to  0.5  Hz, 
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3.  Amplifiers 

The  Kr/Ar/F2  gain  medium  in  the  Aurora  amplifiers  is 
pumped  by  cold  cathode  electron  guns,  the  details  of 
which  have  been  described  elsewhere. i '8  |n  summary, 
the  electron  guns  make  use  of  planar  cold  cathode  diodes 
with  graphite  felt  emitters  ranging  in  emission  area  from 
1 ,200  cm2  to  20,000  cm2,  jpg  diodes  are  typically  driven 
by  Marx  generator-charged  pulse  forming  lines  (PFLs)  of 
low  impedance  (-2.712  for  most  amplifiers).  The  typical 
electrical  pulse  length  is  650  ns,  the  diode  voltage  500- 
650  kV,  and  the  current  density  25  A/cm2  at  the  cathode. 
Electron  current  is  transported  into  the  laser  gas  with 
-50%  efficiency  through  Ti  foils  and  a  hibachi  support 
structure.  Externally  applied  magnetic  guide  fields  of  1.5 
to  3  kGauss  are  used  to  provide  uniform  current  delivery. 

The  main  amplification  chain  for  Aurora  consists  of  four 
electron  beam-driven  KrF  laser  amplifiers  ranging  in 
aperture  size  from  10  cm  x  12  cm  to  100  cm  x  100  cm. 
These  devices  are  specified  the  Small  Aperture  Module 
(SAM),  the  Preamplifier  (PA),  the  Intermediate  Amplifier 
(lA),  and  the  Large  Aperture  Module  (LAM).  The 
characteristics  of  these  four  amplifiers  are  summarized  in 
Table  I. 


Table  I 

Summary  of  Amplifier  Specifications 


Device 

SAM 

PA 

lA 

LAM 

Pump  pulse  length  (ns) 

too 

650 

650 

650 

E-Gun  voltage  (kV) 

300 

675 

675 

675 

E-Gun  current  in  gas  (A/cm^) 

12 

10 

10 

12 

E-Gun  area  (m2) 

0.12 

1.20 

1.20 

2.00 

Input  /  output  light  energy  (J) 

0.25/5 

1/50 

50/2k 

2k/20k 

Stage  gain 

20 

50 

40 

10 

Laser  aperture  (cm  x  cm) 

10x12 

20x20 

40x40 

100x100 

Figures  5-7  show  some  of  the  amplifier  hardware.  At 
present  all  amplifiers  have  been  operated  successfully  as 
lasers,  although  the  pumping  of  the  lA  needs  improvement 
in  magnitude  and  uniformity.  The  LAM  is  representative  of 
all  of  the  amplifiers  in  the  Aurora  chain,  except  that  the  PA 
and  lA  use  single-sided  electron  beam  pumping  and  the 
SAM  does  not  use  a  PFL.  The  theoretical  performance  of 
these  amplifiers  has  been  discussed  in  detail  else¬ 
where. LS 


Fig.  5;  Photograph  showing  the  interior  of  the  Preamplifier 
(PA)  cold  cathode  diode. 


Fig.  6;  A  photograph  showing  the  assembled  Intermediate 
Amplifier  (lA).  The  laser  chamber,  diode  vacuum  box,  and 
the  guide  magnets  are  visible  in  the  foreground;  the  Marx 
generator  and  water  PFLs  are  slightly  visible  in  the 
backgri^und. 


12-element  beam  train  shown  in  Figure  9a  is  incident  at 
the  SAM.  amplified,  and  replicated  into  a  96-element 
beam  train^  shown  in  Figure  9b.  Amplification  of  this 
96-element  train  is  discussed  in  Section  5  of  this  paper. 

4.  Optical  System 


The  actual  performance  of  these  laser  devices  has 
been  determined  by  experiments  conducted  to  measure 
the  gain  and  by  integrated  96-beam  energy  extraction 
measurements.  Figures  8a  and  8b  display  the  measured 
values  of  small-signal  gain'io  for  the  PA  and  lA,  while 
Table  II  gives  the  measured  amplifier  performance.  The 


4a.  Multiplexer  and  Alignment  Systems 

The  Aurora  optical  system  is  representative  of  typical 
a.ngularly  multiplexed  systems.  It  is  designed  to  match  the 
long  amplifier  electrical  excitation  pulse  time,  which  is 
determined  by  electrical  and  laser  kinetics  considerations, 
to  the  much  shorter  pulse  times  required  for  efficient 
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Spatial  Dependence  of  PA  Small  Signal  Gain 


(b) 

Fig.  7;  Photographs  showing  (a)  the  assembly  of  a  set  of 
improved  LANL-designed  PFLs  for  the  Large  Aperture 
Module  (LAM)  and  (b)  the  diode  box,  laser  chamber,  and 
guide  magnets. 


Pressure  Dependence  of  lA  Small  Signal  Gain 


Total  Pressure  (Torr) 


(b) 

Fig.  8:  Results  of  measurements  of  Aurora  mid-chain 
amplifier  gain  at  low  pump  rate,  (a)  Spatial  dependence  of 
PA  small-signal  gain  at  80  kW/cm^,  (b)  Pressure  depend¬ 
ence  of  lA  small-signal  gain  at  40  kW/crn^. 


coupling  of  the  laser  pulse  energy  to  inertial  fusion  targets. 
This  system  uses  angle  and  time  multiplexing  to  perform 
this  match.  Distance  is  used  to  provide  the  necessary  time 
delays  needed  to  time-encode  and  decode  a  96-beam 
pulse  train  of  5-ns  pulses.  The  major  parts  of  the  system 
are:  (1)  an  optical  encoder  that  replicates  the  5-ns  front- 
end  output  pulse  to  produce  a  480-ns  long  pulse  train 
consisting  of  96  separate  beams  placed  head-to-tail  in 
time;  (2)  an  angle  encoder  that  spatially  separates  the 
beams  so  that  they  can  be  decoded  at  some  later  time  and 
also  helps  to  direct  the  beams  through  the  amplifiers;  and 
(3)  a  centered  optical  system  that  relays  the  beams 
through  the  amplifiers  so  that  the  beams  expand  and  fill 
the  active  gain  volumes.  (4)  an  optical  decoder  to 
appropriately  delay  the  earlier  pulses  in  the  pulse  tram 


relative  to  the  later  pulses  so  that  they  all  arrive  at  the 
target  at  the  same  time;  (5)  a  set  of  final  aiming  mirrors 
and  focusing  lenses  that  direct  the  beams  onto  the  target; 
and  (6)  three  optical  alignment  systems  that  control  the 
alignment  of  the  encoder,  the  final  amplifier  feed  mirror 
array,  and  the  final  aiming  mirrors.  Figure  2  has  shown  a 
conceptual  layout  of  the  optics  in  Aurora.  Figure  10  shows 
the  key  parts  of  the  assembled  multiplexer  hardware. 
Figure  11  shows  the  automated  multiplexer  alignment 
system  that  can  simultaneously  align  all  96  beams  to  an 
accuracy  of  3  to  5  prad  in  approximately  3  minutes;  two 
other  separate  alignment  systems  will  be  required  for  the 
fully  integrated  Aurora  system. 
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Table  11 

Measured  Performance  of  Electron-Beam-Pumped 
Amplifiers 


Device 

PA 

JA. 

LAM 

LAM 

Marx  charge  (kV) 

55 

55 

45 

60 

F2  (torr) 

3.75 

2.00 

3.00 

3.00 

Kr  (torr) 

75 

40 

60 

60 

Total  gas  pressure  (torr) 

750 

400 

600 

600 

Deposited  energy  (kj) 

10 

18 

133 

173 

Volume  (liters) 

176 

597 

2000 

2000 

Specific  energy  (J/l) 

56 

29 

67 

87 

Pump  rate  (kW/cm3) 

80 

42 

95 

144 

golf’’"’)'  premix 

2.06 

1.33 

2.05 

Osc. 

g(3(m-i),  in  situ 

1.86 

1.16 

1.90 

Osc. 

Extracted  energy  (kJ) 

SSG 

SSG 

SSG 

10.7 

Notes: 

1.  Osc.;  oscillator  experiments. 

2.  SSG;  small-signal  gain  experiments. 

3.  premix:  premixed  laser  gas. 

4.  in  situ:  laser  gas  mixed  in  chamber. 


The  optical  system  (multiplexer,  demultiplexer,  and 
associated  alignment  systems)  have  been  described  in 
detail  in  other  publications. in  this  paper,  we  will 
deal  with  recent  progress  achieved  in  the  assembly  of  the 
demultiplexer. IS  Recently,  several  years  of  design, 
procurement  and  assembly  have  culminated  in  the 
accomplishment  of  a  major  Aurora  milestone,  namely  the 
installation  of  all  of  the  demultiplexer  hardware,  which 
consists  of  over  300  optical  components  ranging  in  size 
from  several  centimeters  square  to  over  a  meter  square. 
All  optics  are  installed  and  all  optical  mount  drive  motors 
and  motor  controllers  are  installed  and  operational. 

4b.  Optical  Demultiplexer  System 

Because  the  IGF  target  requires  a  short  pulse  of  ~5-ns 
duration,  the  480-ns  amplifier  pulse  must  be  compressed 
for  second-phase  Aurora.  The  synthetic  long  pulse  which 
feeds  the  LAM  consists  of  a  trairi  of  96  separate  5-ns 
pulses.  The  96  pulses  that  have  been  encoded  in  the 
multiplexer  are  then  decoded  in  the  demultiplexer  to 
compress  the  long  pulse  train  into  a  single  high-power 
pulse.  This  is  accomplished  by  sending  the  beams  along 
different  flight  paths  to  the  target.  Initially,  for  budgetary 
and  programmatic  reasons,  only  48  of  the  96  beams  will 
be  decoded  and  delivered  to  the  target. 

Figure  12  is  a  diagram  that  illustrates  the  demultiplexer 
(decoder)  layout.  All  96  beams  leave  the  last  lens  of  the 
relay  train  (centered  optical  system),  which  is  near  a  pupil, 
at  different  angles  separated  by  1.8  mrad.  They  are 
directed  toward  the  LAM  feed  array  (Fig.  13a),  which  is  the 
first  position  after  the  centered  optical  system  where  the 
beams  can  again  be  individually  pointed.  The  beam 


Fig.  9:  (a)  Twelve-element  beam  train  incident  at  the  SAM. 
(b)  Ninety-six-element  beam  train  incident  at  the  PA. 

position  and  spacing  on  the  feed  array  are  determined  by 
the  recollimator  array  spacing  and  position.  Each  convex 
mirror  in  the  feed  array  is  10-cm  square.  However,  the 
beams  on  the  array  are  only  5-cm  square.  The  radius  of 
curvature  of  the  convex  mirrors  is  5.99  m.  Each  feed 
array  mirror  points  at  the  LAM  and  expands  the  5-cm 
beam  to  1  m  to  fill  the  amplifier  with  light.  The  concave 
107-m  radius  of  curvature  LAM  mirror  causes  the  beams 
to  converge  along  the  path  toward  the  recollimator  array 
(Fig.  13b)  where  the  beams  are  again  separated.  The 
recollimator  mirror  spacing  is  18  cm  center-to-center.  At 
the  recollimator  array,  the  beams  are  14-cm  square.  The 
17-cm  square  convex  recollimator  mirrors  have  a  35.12-m 
radius  of  curvature.  They  recollimate  the  beams  and 
direct  them  toward  the  61 -cm  square  fold  mirrors  shown  in 
Figure  14.  A  view  of  the  LAM  feed  array,  recollimator 
array  and  fold  mirrors  is  shown  in  Figure  15.  The  fold 
mirrors  point  the  beams  toward  the  fine  decoder. 
Figure  16,  which  takes  out  the  beam-to-beam  time  delays 
and  direct  the  beams  to  the  final  aiming  array  shown  in 
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I 

I 


(c) 


Fig.  10:  Ninety-six-beam  Aurora  multiplexing  is  accom¬ 
plished  with  three  systems:  (a)  12-fold  encoder  (aperture 
division),  (b)  8-fold  encoder  (intensity  division),  (c) 
96-element,  computer-controlled  angle-multiplexing  mir¬ 
ror  array. 


Fig.  11:  The  input  pupil  array  alignment  station  feedback 
loop  A  dichroic  beamsplitter  before  the  input  pupil  re¬ 
flects  collinear  visible  beams  to  a  9G-spot  focal  plane  on  a 
mask  with  benchmarks.  The  spots  are  image-processed 
and  positioned  relative  to  the  benchmarks  by  driving  the 
input  pupil  array  mirrors.  From  Reference  12. 
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Fig.  12;  Present  48-beam  demultiplexer  layout  with  one¬ 
sided  target  illumination  (not  to  scale  and  only  a  few 
beams  shown).  A  240-ns  delay  is  required;  a  120-ns 
delay  is  hidden  in  turn  and  grade  change  from  a  separ¬ 
ation  tunnel  in  the  fine  decoder  wing. 


Fig.  14:  Fold  mirror  arrays  showing  the  stands  and  light¬ 
weight  mirrors. 


(b) 


Fig.  13:  (a)  Ninety-six-element  LAM  feed  array,  (b)  Forty- 
eight-element  recollimator  array.  These  arrays  are 
assembled  and  integrated  into  the  upstream  optical  sys¬ 
tem. 


Fig.  15:  A  view  down  the  beam  tunnel  showing  the  LAM 
feed  array  (left),  fold  mirrors  (right),  and  recollimator  array 
(far  background). 


1 


Fig.  16:  The  fine  decoder  stands  and  mirrors;  these 
remove  the  5-ns  time  delays  between  adjacent  beams. 
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Figure  17.  The  aiming  mirrors  point  the  beams  through 
the  target  lenses,  shown  in  Figure  18,  which  focus  all  the 
beams  onto  the  target  plane  (at  a  best-focus  spot  size  of 
200  pm). 

The  fabrication  of  these  components  has  been 
progressing  for  the  past  few  years.  The  Aurora  hardware 
represents  a  reasonable  assessment  of  the  present  off- 
the-shelf  industry  capability,  quality,  and  cost  for  large  KrF 
laser  system  optical  components.  Almost  all  parts  were 
specified  to  have  a  surface  figure  of  at  least  7710  or  better 
at  633  nm.  This  specification  did  not  appear  to  drive  the 
cost.  For  all  but  the  largest  parts,  we  were  able  to  check 
the  parts  at  LANL  to  ensure  accuracy  and  quality. 

The  part-to-part  tolerance  for  the  convex  LAM  feed 
mirrors,  convex  recollimator  array  mirrors,  and  the  target 
lenses  were  the  most  difficult  to  obtain  and  verify.  The 
lightweight  pyrex  mirrors  that  are  shown  in  Figure  14 
proved  to  be  the  most  cost-effective  approach  for  the 
larger  mirrors  in  the  system.  These  mirrors  now  represent 
a  proven  technology  that  can  be  applied  to  future  systems. 


Ongoing  work  on  the  optical  system  is  concentrating 

on  the  target  alignment  apparatus  and  the  integration  of  pig.  18:  A  view  of  the  lens  plate  and  the  48  target  focusing 
the  optical  system  to  the  amplifiers.  lenses. 

5.  Recent  Progress  in  System  Integration 


The  most  significant  system  integration  milestone 
achieved  during  the  past  year  was  the  extraction  of 
amplified  96-beam  energy  from  the  Intermediate  Amplifier. 


Fig.  17:  The  final  aiming  mirror  stand  and  the  48  mirrors 
that  point  the  beams  at  the  target  focusing  lenses. 


For  this  demonstration,  the  front  end,  SAM  amplifier,  the 
12-fold  and  8-fold  encoders,  the  Preamplifier,  the  optical 
relay  train,  and  the  Intermediate  Amplifier  were  operated 
as  an  integrated  chain.  The  experimental  setup  is  shown 
in  Figure  19.  A  96-element  beam  train  containing  256  J 
was  extracted  from  the  lA  output.  Although  this  is  not  the 
design  value  of  -I  kJ,  it  represents  a  significant  step  in 
the  integration  of  the  entire  Aurora  laser  system. 

At  present,  we  have  made  some  improvements  in  the 
SAM  gain  and  are  making  some  improvements  in  the  PA 
and  lA  that  should  allow  the  extraction  of  near-design 
energy  from  the  amplifier  chain.  We  are  now  preparing 
another  system  integration  experiment  that  will 
demonstrate  the  integration  of  virtually  all  of  the  Aurora 
system.  In  the  upcoming  experiment,  the  96-element 
beam  train  from  the  lA  will  be  delivered  to  the 
demultiplexer,  where  48  beams  will  be  decoded  and 
delivered  to  the  target  plane.  A  modest  amount  of 
delivered  energy  (-100  J)  is  planned  for  this 
demonstration.  After  that  achievement,  the  LAM  will  be 
added  to  the  system. 

6.  Remaining  Issues 

Aurora  was  built  as  an  experiment  to  examine  many  of 
the  technology  issues  related  to  high  power  KrF/lCF 
lasers.  So  far,  we  have  demonstrated  96-beam 
multiplexing  and  energy  extraction,  amplifier  staging,  and 
precise  optical  alignment.  Several  other  secondary 
issues  are  also  in  need  of  examination  to  optimize  the 
performance  of  Aurora  and  to  resolve  potential  problems. 
These  are: 
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Fig.  19;  Ninety-six-beam  energy  extraction  experiments  are  proceeding  through  the  Aurora  amplifier  chain.  Amplifier 
chain  performance  to  date;  256  J  of  248-nm  laser  radiation  has  been  extracted  from  the  Intermediate  Amplifier,  driven 
by  the  front  end,  multiplexer,  Small  Aperture  Module,  and  Preamplifier. 


•  Multiplexer/demultiplexer  crosstalk  and  scattering 
from  optical  coatings  that  may  contribute  to 
crosstalk: 

•  Laser-  and  fluorine-induced  damage  to  optical 
coatings; 

•  E-beam  pumping  uniformity  limitations; 

•  Laser  gas  chemistry  and  contaminants; 

•  Long-path  beam  propagation; 

•  Pulse  shaping. 

These  issues  are  now  under  examination  and  will 
continue  to  be  studied  during  the  next  year. 
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Abstract 


High  repetition  rate  excimer  lasers  developed  at  the  Kurchatov  Institute  of  Atomic 
Energy  are  discussed. 

Introduction 


The  creation  of  the  first  rare-gas  halide  lasers  in  1975  gave  birth  to  new  high- 
efficiency  sources  of  coherent  ultraviolet  radiation.  The  intensive  development  and 
investigation  of  these  lasers  result  from  the  possibility  of  their  wide  use  in  photo¬ 
chemistry,  isotope  separation,  microelectronics,  laser  purification  of  substances,  laser 
thermonuclear  fusion  programs,  atmosphere  and  ocean  diagnostics,  etc.  Such  applications 
are  connected  mainly  with  the  use  of  the  lasers  capable  of  operating  in  repetitively-pulsed 
mode . 

The  program  on  repetitively-pulsed  excimer  lasers  has  been  in  progress  at 
I.  V.  Kurchatov  Institute  of  Atomic  Energy  since  1980.  The  simplest,  reliable  in  operation, 
electric-discharge  lasers  allowing  a  high  average  output  power  to  be  attained  at  a  high 
repetition  rate  were  investigated  first  of  all. 

Experiment  and  Results 

The  various  systems  of  space-discharge  initiation  with  UV  preionization  were  studied. 

The  results  of  the  investigations  showed  that  the  excimer  laser  energy  depends  to  a  large 
extent  on  the  magnitude  of  their  preionization  homogeneity.  Primarily  this  applies  to 
rare-gas  fluoride  (XeF*,  KrF*)  lasers,  the  preionization  level  of  which  is  reduced  due  to 
the  intensive  attachment  of  electrons  to  the  donors  of  fluorine  -  F2,  NF3.  The  use  of  the 
quadrilateral  spark  preionization  in  the  lasers  with  metallic  electrodes,  as  well  as  the 
use  of  the  dielectric  surface  discharge  as  plasma  electrodes,  and  the  UV  preionization 
sources  placed  as  close  as  possible  to  the  main  space  discharge  zone,  made  it  possible  to 
develop  the  excimer  electric-discharge  lasers  with  an  energy  of  1-2J,  an  efficiency  of 
1-2%  and  a  specific  energy  production  of  up  to  6  J/1  (on  KrF2  molecule).  It  was  shown, 
with  the  gas  mixtures  of  KrF  and  XeF  lasers  taken  as  an  example,  that  under  typical  condi¬ 
tions  of  power  input  (W  >  2  MW/cm^;  E/N  ~  10“^®V*cm^)  the  formation  of  numerous  current 
filaments  with  a  cross-sectional  dimension  of  ~  0.1  mm  in  the  space-discharge  plasma  is 
the  most  probable  reason  limiting  the  duration  of  excimer  molecule  radiation  (<  100  ns). 

In  the  systems  with  plasma  electrodes  the  increase  in  the  power  input  as  well  as  in  the 
space  discharge  duration  and  aperture  was  reached  due  to  both  the  high  homogeneity  of  UV 
preionization  and  the  principal  absence  of  cathode  and  anode  spots  where  the  discharge 
current  could  be  localized  promoting  its  own  spatial  contraction.  However,  though  the 
high  homogeneity  of  space-discharge  plasma  is  stable  and  conserved  at  repetition  rates  as 
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high  as  10  kHz  even  without  gas  blowdown  the  lifetime  of  such  systems  is  <  10^  pulses. 

This  results  from  either  the  breakdown  of  the  dielectric  or  the  sputtering  of  electrode 
materials  on  it. 

In  this  connection  the  scheme  with  metallic  electrodes,  spark  preionization  and  a 
thyratrone  as  a  commutator  was  taken  to  develop  the  reliable  repetitively-pulsed  lasers 
with  a  large  lifetime.  The  laser  electrode  systems  contained  two  discharge  gaps  with  a 
common  grounded  electrode,  the  pumping  made  from  two  discharge  circuits  synchronized  with 
an  accuracy  of  5  ns.  This  makes  it  possible  to  realize  the  "master  oscillator-amplifier" 
scheme  with  a  single  laser. 

The  investigations  have  shown  that  the  discharge  resistance  to  the  spatial  perturbations 
of  the  parameter  E/N  becomes  very  important  in  the  repetitively-pulsed  mode  of  the  laser 
operation.  The  accumulation  of  the  acoustic  perturbations  from  the  preceding  discharge 
pulses  leads  to  the  nonuniformity  of  power  input  and  limits  the  growth  of  the  average  out¬ 
put  power  in  increasing  the  repetition  rate.  It  has  been  found  that  the  discharge  in 
Ne-based  gas  mixture  is  more  homogeneous  than  that  in  He-based  mixture  at  the  same,  as 
shown  by  the  measurements,  levels  of  acoustic  interference  ((6  N)/N  ~  1%).  In  contrast  to 
helium-containing  mixtures,  with  Ne  at'  a  buffer  gas,  the  reduction  of  the  output  power  per 
pulse  is  small  relative  to  the  power  produced  in  a  single  pulse  even  at  a  repetition  rate 
of  --  500  Hz.  The  frequency  at  which  the  linear  growth  of  average  output  power  terminates 
equals  to  300  Hz  and  500  Hz  for  He-  and  Ne-based  mixtures  respectively,  the  suppression 
frequency  being  respectively  1000  Hz  and  1200  Hz.  The  nonuniformity  of  the  local  power 
input  (6  e)/e  due  to  the  gas  density  perturbation  6  N/N  is  characterized  by  the  parameter 
e  =  3 ( Cne/3 ( CnN) ,  (A  e)/e  =  €‘(A  N)/N.  It  has  been  shown  by  numerical  modelling  that 
the  less  nonuniformity  of  the  local  power  input  (6  «)/e  in  the  gas  mixtures  with  Ne  is 
connected  with  the  decrease  of  the  parameter  <(«Ne/«He  ~  0.6-0. 7  at  Ej^g  ~  40)  due  to 
the  weaker  dependence  of  the  Xe  atom  excitation  frequency  on  E/N.  The  average  power  as 
high  as  420  W  was  attained  using  the  gas  mixture  HCl:Xe:Ne  =  1:10:1200  (at  4  atm)  at  a  gas 
flow  velocity  of  ~  30  m/s  and  a  repetition  rate  f  =  500  Hz. 

The  experiments  were  carried  out  to  show  the  effect  of  the  local  temperature  gradients 
arising  on  the  electrode  surfaces  due  to  the  nonuniformity  energy  input  into  the  discharge 
on  the  discharge  contraction  at  high  repetition  rates.  The  temperature  gradients  on  the 
cathode  surface  were  modelled  experimentally  acting  on  the  cathode  by  the  focused  XeCl- 
laser  beam  with  an  energy  «g.  For  different  Cg  the  minimum  delay  time  was  determined 

between  the  action  on  the  electrode  and  the  initiation  of  space  discharge  contracting  due 
to  the  formation  of  metal  vapor  on  the  cathode.  Figure  1  gives  the  dependences  of  on 
eg  for  various  cathode  materials.  The  open  signs  above  the  curves  given  in  Fig.  1  denote 
the  areas  of  values  at  which  the  discharge  was  of  space  nature,  the  full  signs  below 
the  curves  referring  to  the  contracted  discharge.  When  the  energy  «g  increases  above  a 
certain  value  at  which  the  conditions  of  developed  evaporation  on  the  electrode  are 
realized  the  minimum  delay  time  required  to  initiate  the  space  discharge  increases  drasti¬ 
cally  up  to  10”^  -  10~^s  (Fig.  1).  The  measurements  showed  that  the  metal  splash  (lO”^  - 
10“^  g)  from  the  area  of  high-current  discharge  channel  localization  is  of  the  same  order 
of  magnitude  as  that  under  conditions  of  developed  evaporation  realized  in  the  experiment. 
Thus,  the  cathode  metal  splash  (10”^  -  10"^  g)  in  the  area  of  high-current  channel  local¬ 
ization  is  the  sufficient  cause  of  the  discharge  contraction  in  the  subsequent  pulses  and 
the  limiting  factor  of  the  repetition  rate  (10^  -  10^  Hz).  It  is  seen  from  Fig.  1  that 
refractory  metals  are  tne  most  suitable  cathode  materials  from  the  point  of  view  of  pre¬ 
venting  the  discharge  contraction  in  repetitively-pulsed  mode.  To  check  this  fact  the 
experiments  with  two  similar  discharge  sections  of  a  repetitively-pulsed  excimer  laser 
were  performed.  The  cathode  in  one  of  these  sections  was  made  of  stainless  steel  and 
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coated  with  tantalum  foil.  The  differences  in  generation  on  the  gas  mixture  HCl:Xe:He  = 
1:10:1000  at  P  =  2  atm  manifested  themselves  at  repetition  rates  f  >  400  Hz.  In  this  case 
the  energy  production  in  the  section  with  tantalum  electrode  was  considerably,  by  30%, 
higher  and  the  discharge  was  characterized  by  essentially  less  number  of  high-current 
channels . 


Fig.  1  The  maximum  delay  time  of  discharge  pulse  relative  to  the  moment  of  electrode 

exposure  with  the  laser  pulse  causing  the  discharge  contraction  in  He  as  a  func¬ 
tion  of  the  laser  pulse  energy.  Cathode  material:  1  -  Cu;  2  -  Zn;  3  -  Fe; 

4  -  W. 

Thus,  it  was  shown  that  at  high  repetition  rates  (>  500  Hz)  the  space  discharge  is  con¬ 
tracted  for  two  interrelated  reasons:  (1)  due  to  the  local  nonuniformities  of  energy  input 
resulting  from  the  gas  density  fluctuations  caused  in  turn  by  acoustic  oscillations  and 
(2)  due  to  the  presence  of  the  locally-heated  areas  of  the  electrode  and  the  metal  vapors 
in  their  vicinity  appearing  in  the  areas  of  increased  energy  input  from  the  preceding  dis¬ 
charge  pulses,  which  promotes  the  further  enhancement  of  contraction.  The  inhomogeneities 
of  refractive  index  connected  with  the  acoustic  field  in  the  resonator  are  responsible  for 
the  observed  dependence  of  radiation  divergence  on  repetition  rate  at  f  >  200  Hz.  As  seen 
from  Fig.  2,  curve  2,  such  an  influence  manifests  itself  for  the  laser  Ne-based  gas  mix¬ 
tures  in  the  direction  of  the  smaller  divergence  ff  =  2.5  10~^  rad  in  the  laser  beam  cross- 
section  4x1  cm^  in  size.  The  theoretical  analysis  of  divergence  in  terms  of  geometrical 
optics  correlating  with  the  experiment  shows  that  the  value  of  divergence  caused  by  the 
acoustic  waves  in  the  direction  transverse  to  the  laser  axis  is  determined  in  the  following 
way: 


th  ^ 
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This  expression  is  true  for  Ax  <<  a,  X,  where  Ax  =  2L  /An^  •  A  N/N.  Here  X  and  A  N/N  are 
the  wavelength  and  amplitude  of  the  acoustic  wave,  respectively;  L  is  the  length  of  the 
inhomogeneity  zone;  a  is  the  laser  beam  width;  A  n^  =  n  -  1  is  the  difference  of  the 
refractive  index  of  an  unperturbed  medium  from  that  of  vacuum.  The  theoretical  estimates 
show  that  the  frequency  dependence  of  divergence  for  the  He-containing  mixtures  is 
observable  at  f  >  1000  Hz. 


Fig.  2  The  experimental  dependence  of  divergence  of  the  XeCl-laser  radiation  in  the 

directions  of  minimum  and  maximum  beam  dimensions  on  the  repetition  rate  for  the 
gas  mixtures  with  Ne  (1,2)  and  He  (1,3)  as  a  buffer  gas. 

In  the  case  of  a  confocal  unstable  resonator  with  a  magnification  M  =  12  the  divergence 
of  radiation  was  2.5  10”^  and  1.2  10”^  rad  along  two  mutually  perpendicular  directions  in 
the  laser  beam  cross-section  4x1  cm^  in  size.  These  values  are  only  2-3  times  worse 
than  the  diffraction  limit  in  this  case  radiation  energy  amounted  to  70-75%  of  that  in 
the  case  of  the  parallel-plate  resonator  (0.75  J  and  0.2  J  on  Ne  and  He  mixtures 
respectively) . 

In  the  SRS  (stimulated  Raman  scattering)-transformation  of  the  XeCl-laser  wide-band 
radiation  in  compressed  hydrogen  (P  =  10  atm)  high  energy  efficiencies  of  transformation 
were  attained:  45,  40  and  28%  in  the  first,  second  and  third  Stokes  components,  respec¬ 
tively,  with  the  total  quantum  efficiency  exceeding  80%.  It  is  seen  from  the  dependences 
presented  in  Fig.  3  that  in  repetitively-pulsed  mode  the  efficiency  of  the 
SRS-transformation  to  the  second  and  third  components  decreases  by  50%  with  the  repetition 
rate  growing  up  to  500  Hz.  The  obtained  dependences  are  accounted  for  by  decreasing  the 
gain  of  the  higher  Stokes  components  due  to  heating  of  the  medium  in  the  repetitively- 
pulsed  release  of  energy. 

The  lasers  developed  were  used  in  the  works  on  laser  isotope  separation,  chloroorganic 
chemistry,  study  of  radiation  exposure  of  material  surfaces,  and  atmospheric  sounding. 

Figure  4  presents  the  scheme  of  a  universal  mobile  lidar  on  the  basis  of  the  developed 
self-sustained  compact  XeCl  laser.  Parameters:  a  generation  energy  of  1  J,  an  average 
power  of  60  W,  repetition  rate  of  up  to  100  Hz,  a  divergence  along  two  mutually  perpendic- 
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as  a  function  of  repetition  rate. 

ular  directions  of  1.2  10"*-1.5  10"^  rad,  and  an  efficiency  of  1-1.3%  (depending  on  repe¬ 
tition  rate).  The  lidar  has  two  automated  recording  channels.  The  first  channel  receives 
and  records  the  signal  of  spontaneous  Raman  scattering  (SRS)  and  the  signal  of  fluores¬ 
cence  with  the  aid  of  a  gated  spectrum  analyzer  -  a  SRS  lidar.  The  second  channel  is 
designed  for  receiving  and  measuring  the  Rayleigh  +  Mic  scattering  signal  on  the  frequency 
of  excimer  laser  radiation  -  a  route  lidar. 


Fig.  4  The  scheme  of  the  universal  lidar  complex  on  the  basis  of  the 

repetitively-pulsed  excimer  laser:  1  -  XeCl  laser;  2  -  telescope;  3 
multichanhel  spectrum  analyzer;  4  -  route  lidar  equipment. 
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The  lidar  complex  was  used  in  the  Chernobyl  accident  recovery  works  to  monitor  the 
aerosol  and  gas  conditions,  to  estimate  the  residual  capacity  of  the  heat  source  under 
debris.  The  measurement  showed  that  the  aerosol  fluctuations  and  gas  composition  above 
the  accident  unit  do  not  differ  from  the  values  specific  for  the  given  area. 

In  the  course  of  works  on  developing  the  wide-aperture  electric  discharge  lasers  a  gen 
eration  energy  of  20  J  was  obtained  in  a  single-pulse  mode  on  XeCl*  and  it  was  shown  a 
possibility  of  reaching  an  energy  of  ~  100  J  using  UV  preionization.  Figure  5  presents 
the  scheme  of  the  wide-aperture  (7x7  cm^)  discharge  module  of  the  repetitively-pulsed 
XeCl  lasers  with  a  generation  energy  of  10  J/pulse.  In  our  opinion  it  is  not  reasonable 
to  increase  the  generation  energy  above  100  J  in  the  repetitively-pulsed  lasers  with  self 
sustained  space-discharge  pumping. 


Fig.  5  The  scheme  of  the  wide-aperture  (7x7  cm^)  repetitively-pulsed  XeCl  laser  with 
an  output  energy  of  10  J. 

For  further  increase  of  energy  per  pulse  and  average  power,  work  is  in  progress  to 
develop  repetitively-pulsed  lasers  with  electron-beam  pumping. 
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Abstract 


Parametric  investigations  of  energy  and  spectral  characteristics  of  the  XeCl  molecule 
under  e-beam  excitation  are  presented. 

Introduction 


The  creation  in  1975  of  the  first  lasers  on  rare  gas  halogenides^  has  resulted  in  an 
emergence  of  new  high-efficiency  sources  of  powerful  ultraviolet  radiation.  Wide  promises 
for  utilization  of  these  lasers  (medicine,  semiconductor  materials  annealing,  optical  com¬ 
munication  and  location,  intertial  thermonuclear  fusion),  associated  with  the  spectral 
range,  high  efficiency,  the  possibility  of  scaling,  have  given  rise  to  a  heavy  growth  of 
investigations  of  excimer  lasers  energy  performances  at  various  ways  of  excitation.  The 
present-day  stage  of  their  development  is  characterized  by  widening  a  range  of  their  appli¬ 
cations,  on  the  one  hand,  and  depending  the  investigations  of  excimer  molecular  structure 
and  physical  processes  in  an  active  medium,  determining  their  characteristics,  -  on  the 
other  hand.  At  present,  the  electron  beam  pumping  of  active  medium  provides  the  highest 
output  energy  of  laser  radiation  at  a  10%  efficiency  with  respect  to  an  expended  energy. 

This  makes  it  possible  to  consider  excimer  laser  systems  as  a  possible  driver  for  LTS. 

Among  the  family  of  rare  gas  halogenide  lasers  the  most  investigated  are  KrF-base  mole¬ 
cular  systems. 

XeCl  lasers  along  with  XeF  are  the  most  longwave  high-efficient  sources  of  powerful 
ultraviolet  radiation  and  due  to  less  stringent  requirements  for  radiation  strength  and 
optical  elements  quality,  are  more  promising  in  experiments  asking  for  high  quality  radia¬ 
tion  brightness.  Besides,  the  possibility  of  effective  transformation  of  their  radiation 
into  a  visible  region  by  combination  scattering  opens  a  promise  for  their  applications  in 
optical  communication  and  location. 

The  present  paper  concerns  parametric  investigations  of  energy  and  spectral  character¬ 
istics  of  the  XeCl  molecule  spontaneous  and  induced  emissions  at  an  excitation  of  an  active 
medium  by  an  electron  beam. 

The  investigation  results  of  the  XeCl  molecule  spontaneous  luminescence  are  presented 
in  the  second  part,  making  it  possible  to  determine  boundaries  of  a  number  of  relaxation 
constants  and  to  establish  their  connection  with  a  laser  transition  saturation  intensity. 
Here  are  also  the  results  of  direct  measurements  of  a  weak  signal  amplification  factor; 
and  the  nature  of  some  absorbing  components  of  visible  and  ultraviolet  regions  is  discussed. 

The  third  part  considers  spectral  characteristics  of  spontaneous  and  laser  radiations. 

The  comparison  of  observed  radiation  spectra  with  calculated  ones  was  performed.  Physical 
factors  stipulating  the  generation  spectrum  width  in  a  dispersionless  resonator  were  deter- 
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mined. 


In  the  fourth  part,  the  results  of  parametric  investigations  of  generation  specific 
characteristics  are  presented  and  the  comparison  with  calculations  according  to  the  com¬ 
plete  kinetic  model  was  performed. 


Brief  Description  of  Experimental  Installation 


To  excite  an  active  medium  use  was  made  of  an  electron  beam  with  the  following  parame¬ 
ters:  the  electron  energy  E  ~350  keV;  the  pulse  duration  t  =  30  nsec;  the  beam  current 
density  j  =  100-200  A/cm^;  the  outlet  window  cross-section  4.5  x  26  cm^.  In  investigating 
luminescence,  within  the  range  of  pressures  of  >1  atm.  to  prevent  against  ASE,  the  excited 
volume  was  decreased  to  the  dimension  1x1x1  cm^.  Time  characteristics  of  excimer  mol¬ 
ecules  spontaneous  radiation  at  pressures  of  0.1-5  atm  were  recorded  by  coaxial  photoele¬ 
ments  with  time  resolution  of  0.5  nsec.  To  record  limiinescence  at  low  pressures  (<0.1  atm) 
use  was  made  of  a  preliminary  calibrated  monochromator  -  PEM  system. 

In  experiments  on  measurements  of  active  medium  characteristics  in  the  amplification 
mode  to  generate  sounding  pulses  use  was  made  of  the  amplifier's  active  medium  part.  An 
optical  delay  was  selected  so  that  the  sounding  pulse  should  get  into  the  amplifier  at  the 
moment  of  attaining  the  amplification  factor  maximum. 

Relaxation  Processes  in  XeCl  Laser  Active  Medium 


An  efficiency  of  energy  extraction  in  excimer  lasers  is  mainly  determined  by  an  effi¬ 
ciency  of  excited  molecules  formation,  an  intensity  of  saturation  of  laser  transition,  Ig; 
weak  signal  amplification  factor,  gg;  medium  absorption  coefficient,  a.  In  pumping  an 
active  medium  by  a  fast  electron  beam,  the  main  channel  of  excimer  formation  is  an  ion-ion 
recombination.  In  this  case,  excited  molecules  are  formed  in  various  electron  (B2/2r  ^2/2' 
D1/2),  oscillatory  and  vibrational  states. 

The  ruin  of  excimer  molecules  is  due  to  the  spontaneous  radiation  and  quenching  in  col¬ 
lisions  with  electrons  and  gas  mixture  components.  Generation  in  excimer  lasers  occurs  o' 
the  ^i/2~^l/2  transition.  In  this  case,  the  particles  of  lower  oscillatory  states  only 
(as  a  rule,  levels  with  V  =  0)  take  place  in  the  stimulated  emission  process.  Therefore, 
the  generation  efficiency  is  determined  by  relation  of  constants  of  V-T  relaxation,  B-C 
exchange,  collisional  quenching,  and  by  spontaneous  radiation  and  induced  emission  times. 

Information  on  relaxation  process  constants  can  be  obtained  from  an  analysis  of  sponta¬ 
neous  luminescence  time  behavior  after  the  pumping  switching-off.  By  selecting  appropri¬ 
ately  the  mixture  composition  and  pressure  one  can  create  the  conditions  when  the  lumines¬ 
cence  intensity  drop  is  determined  in  the  main  by  a  given  process. 

A  series  of  experiments  measuring  the  XeCl  molecule  luminescence  time  drop  o  transi¬ 
tions  B-X,  C-A  enables  us  to  determine  boundaries  of  some  constants  (to  draw  conclusions 
on  relaxation  processes): 


1.  For  optimum  laser  mixtures  (1-5  torr  HCl  (CCl4)/50-200  torr  Xe/1-3  atm  Ar )  the 
effective  quenching  constant  does  not  exceed  2  x  10  ^  cm^sec 
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2.  The  effective  relaxation  constant  (Ky_™.  +  K-  )  in  collisions  CCI4  amounts  to  (5+1) 
10-10  cm3sec-l. 

3.  The  quenching  constant  in  collisions  with  Xe  is  <5  x  lO'^^  cm^sec'!. 

4.  The  XeCl  formation  rate  constant  in  terms  of  the  halogen-carrier  concentration  is 
~1  X  IQ-O  cm3  sec”!. 

5.  The  radiation  lifetime  of  lower  oscillatory  levels  for  C-state  is  ~100  nsec. 

6.  The  XeCl  laser  saturation  intensity  at  pressures  of  2-3  atm  is  mainly  determined  by 
the  B-C  exchange  rate. 

To  determine  the  value  g^,  the  weak  signal  amplification  factor  measuremen+s  were  con¬ 
ducted.  The  obtained  values  of  g^  and  y^  are  presented  in  Fig.  1.  The  assessment  of  weak 
signal  amplification  factor/absorption  coefficient  ratio  has  shown  that  under  experimental 
conditions  gQ/a~10-20.  Besides,  the  Ig  dependence  on  pressure  at  an  extrapolation  at  the 
point  P  =  0  gives  the  laser  level  radiation  lifetime  value  (B-state,  V  =  0)  t  =  11  +  3 
nsec,  coinciding  with  Refs.  2  and  3.  In  determining  t  from  the  ratio  y^  =  hv/ar  use  was 
made  of  the  value  o  =  4  x  lO'^^  (Ref.  4). 


Fig.  1  Saturation  intensity-Ig ,  small-signal  gain-g^,  and  laser  energy-P,  as  a  function 
of  pressure  for  Ar/Xe/CCl^  =  1500/15/1  mixture. 
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The  factor  limit:  ^  the  laser  or  amplifier  output  intensity  is  the  nonsaturated  absorp¬ 
tion  coefficient.  The  main  contribution  to  absorption  in  XeCl  lasers  is  believed  to  be 
made  by  rare  gas  positive  ions  and  chlorine  negative  ions.  In  addition  to  a  wide-band 
absorption  of  ions  in  the  absorption  spectrum  observable  are  narrow-band  absorption  lines 
stip’lated  by  transitions  between  rare  gas  excited  atom  states.  In  investigating  absorp¬ 
tion  spectra  in  the  visible  and  near  ultraviolet  region  (500-350  nm),  we  have  found  that 
at  mixture  pressures  of  1  atm  the  atomic  absorption  is  transformed  into  the  molecular 
absorption  of  rare  gas  excited  dimers.  An  evolution  of  lines  Xe*  6S[1  l/2]2  -  7P  [1  l/2]2 
on  crypton  pressure  is  presented  in  Fig.  2  as  an  example.  The  given  figure  illustrates 
the  increase  with  pressure  of  KrXe*  heteronuclear  dimer  molecular  absorption  portion.  It 
was  found  that  the  red  breadth  of  rare  gas  atomic  absorption  lines  and  the  appearance  of 

O 

wide  (AX  ~  20  A)  diffusion  absorption  bands  shifted  in  the  short-wave  region  are  explained 
by  transitions  between  various  states  of  rare  gas  homo-  or  heteronuclear  dimers.  Note, 
that  the  photoionization  of  excited  dimers  by  radiation  with  X<340  nm  can  make  an  essential 

O 

contribution  to  so-called  "background"  (AX-lOO  A)  absorption  observed  during  the  pumping 
pulse . 


Fig.  2  Emission  spectrum  of  Kr/Xe/NFj  mixture  near  absorption  transition  6S[1  1/2)2 
-7p[l  1/2)2  Xe*.  Kr  pressures  (atm)  are  indicated  by  numerical  symbols. 

The  pressures  of  the  Xe  and  NF3  are  60  torr  and  6  torr. 

Spectra  of  Spontaneous  and  Induced  Emission  of  XeCl  Molecule 

The  XeCl  excimer  molecule  is  characterized  by  the  weakly-combined  X-state  (D.  =  280 
cm  ^) ,  strongly  distinguished  rotational  constants  for  upper  and  lower  states  as  well  as 
by  the  low  value  of  X-state  oscillatory  quantum  (cjg  a  26  cm“^).®  This  results  in  a  com¬ 
plicated  shape  of  radiation  spectrum  as  consequence  of  which  the  refractive  index  disper¬ 
sion  in  the  amplification  factor  maximum  can  be  different  from  zero  as  in  the  case  of  the 
XeF  molecule.^  Then,  under  inhomogeneous  pumping  (along  the  cross-section)  a 
deterioration  of  the  laser  ray  divergence  is  possible. 

Experimental  investigations  of  spontaneous  radiation  spectra  were  carried  out  within 
the  wave-length  range  of  300  £  X  <  311  nm  under  pressures  of  15  torr  -  4  atm  and  calcula¬ 
tions  of  amplification  and  dispersion  factors  were  performed  making  it  possible  to  eluci- 
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date  characteristic  features  of  the  B-X  transition  and  to  assess  the  XeCl  laser  divergence 
stipulated  by  the  resonance  dispersion. 

It  was  found  that  with  the  decrease  in  mixture  pressure  the  effective  temperature  rises, 
characterizing  the  oscillatory  and  vibrational  distribution  of  particles  in  the  excited 
B-state.  Luminescence  spectra  at  low  pressures  (£0.1  atm)  bear  out  that  the  formation  of 
XeCl*  molecules  at  the  E-beam  pumping  takes  place  in  high-excited  states.  The  calculated 
model  describing  correctly  the  observed  spectra  was  worked  out.  The  calculation  of  active 
medium  dispersion,  carried  out  within  the  framework  of  the  model  shows  the  possibility  of 
divergence  deterioration  due  to  an  anomalous  dispersion.  For  instance,  on  the  transition 
V  =  0  V  =  2  a*-  the  active  medium  length  of  1  m  and  the  condition  of  maximum  inhomogeneity 
of  excitation  along  the  cross-section  (g^  =  O  on  its  edge)  the  light  beam  intensity  on  the 
axis  in  the  remote  range  can  decrease  approximately  by  20%. 

Based  on  experimental  data  and  amplification  spectral  contour  calculations  the  assess¬ 
ments  of  excited  radiation  cross-section  value,  o,  were  performed  on  the  frequency  corre¬ 
sponding  to  the  amplification  factor  maximum.  The  range  of  a  values  amounted  to  (4-5)  x 
10"^^  cm^ ,  which  agrees  with  calculation  results. 

To  predict  the  XeCl  laser  generation  spectral  width  analytical  expressions  were 
obtained,  establishing  the  connection  of  active  medium  characteristics  (weak  signal 
amplification  factor,  rotational  relaxation  time,  lower  level  dissociation  time, 
amplification  contour  spectral  width)  with  resonator  parameters . It  was  shown  that  at 
high  intra-resonator  intensities  (>10^  W/cm^)  the  generation  spectrum  width  is  determined 
by  the  amplification  contour  deformation  near  the  maximum  due  to  a  weak  saturation  of 
rotational  exchange  rate.  Besides,  a  heating  of  medium  during  the  pumping  pulse  can  lead 
to  displacement  in  the  amplification  factor  maximum  because  of  the  change  in  molecules 
distribution  function  over  rotational  sublevels.  This  also  results  in  the  increase  of 
spectrum  "width"  at  a  time-integrated  recording. 

Specific  Energy  Characteristics  of  E-beam  Pumped  XeCl  Laser 

In  experiments  on  specific  generation  energy  measurements  the  laser  aperture  was 
limited  by  diaphragms  of  d  =  8  mm.  The  resonator  optical  axis,  formed  by  a  plane  A1 
mirror  and  a  quartz  plate,  was  at  1.5  cm  from  the  accelerator  output  foil.  The  fast 
electron  beam  current  density  was  measured  at  the  same  distance  from  the  foil.  Apart  form 
the  generation  energy,  under  analogous  conditions  for  a  current  density,  pressure  and 
mixture  composition,  the  measurements  of  XeCl  molecule  spontaneous  luminescence  intensity 
were  carried  out  on  the  B-X  transition.  In  this  case  the  excited  volume  was  reduced  to 
dimensions  of  1  x  1  x  1  cm^. 

A  series  of  experiments  on  generation  energy  measurements  from  a  buffer  gas  pressure  at 
various  HCl  contents  is  shown  in  Fig.  3.  Besides,  luminescence  dependences  on  the  B-X 
transition  are  given  in  the  same  figure.  The  common  feature  at  the  content  of  HCl  >  3 
torr  is  the  luminescence  intensity  saturation  beginning  from  pressures  of  Ar  2.2  atm  on 
retention  of  the  linear  growth  of  generation.  The  similar  behavior  of  the  luminescence 
and  the  weak  signal  amplification  factor  was  observed  also  in  mixtures  with  halogen-carrier 
CCI4  (see  Fig.  1).  The  amplification  factor  saturation  with  the  growth  of  Ar  pressure  can 
be  related  to  the  increase  in  XeCl*  quenching  in  three-body  collisions: 
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Fig.  3  The  A;  pressure  depends  on  specific  energy  output  -  •,  and  fluorescence  intensity 
on  B-X  transition  -A.  The  Xe  pressure  is  kept  at  60  torr. 

XeCl*  +  Ar  +  Xe  =  Xe2Cl*  +  Ar 

Besides,  the  Ar  pressure  increase  on  retention  of  the  constant  concentration  leads  to  the 
growth  of  secondary  electrons  concentration  and,  correspondingly,  to  the  growth  of  quench¬ 
ing  portion  by  electrons.  The  retention  of  generation  energy  linear  growth  at  the  weak 
signal  amplification  factor  saturation  is  accounted  for  by  the  fact  that  the  lifetime  of 
excited  molecules  due  to  an  induced  emission  remains  less  than  due  to  quenching  collisions. 

As  is  seen  from  Fig.  3  the  specific  energy  output  amounted  to  8.7  J/1  at  P  =  3.5  atm. 

In  determining  efficiency  with  respect  to  the  input  energy  to  estimate  the  specific  power 
of  contribution  use  is  usually  made  of  an  empirical  formula  of  the  shape:^ 

P  =  Kj  Z  BjtMi] 
i 

where  Bj^  is  the  specific  power  of  the  i-th  mixture  component  depending  on  fast  electrons 
energy  Mj  is  the  i-th  component  concentration;  j  is  the  beam  current  density;  K  is  the 
numerical  coefficient  (usually  2-3)  of  fast  electrons  in  the  foil  and  gas,  taking  into 
account  scattering.  The  assessment  of  power  input  according  to  the  empirical  formula  with 
the  use  of  beam  current  density  measurements  permits  a  certain  arbitrary  rul  ••  because  of 
uncertainty  in  the  correction  factor  K.  Therefore,  calibration  measurements  are  necessary 
on  concrete  installations.  We  have  measured  the  specific  power  input  in  terms  of  pressure 
drop  in  the  excited  volume.  To  provide  homogeneity  of  the  power  input  the  laser  chamber 
was  poured  with  paraffin  except  the  channel  of  1  x  1  x  25  cm^  close-fitting  to  the 
accelerator  input  foil.  The  measurements  have  indicated  that  in  our  conditions  the 
correction  factor  K  =  2.9.  Thus,  the  XeCl  laser  generation  efficiency  at  P  =  3.5  atm  and 
j  =  140  A/cm^  amounted  to  7%. 
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To  compare  with  experimental  results  and  to  make  more  precise  the  XeCl  laser  model, 
calculations  of  the  kinetic  model  taking  into  account  >50  elementary  processes  were  con¬ 
ducted.  The  main  differences  of  the  given  model  from  that  used  in  the  paper‘d  are  the  fol¬ 
lowing  ; 

1.  The  collisional  exchange  between  B  and  C  states  in  combination  with  V  -  T  relaxa¬ 
tion  was  included  at  the  upper  laser  level. 

2.  The  cascade  excitation  of  HCl  molecule  oscillatory  states  (V  =  1,2)  was  included 
additionally 

e  +  HCl(V)  —  HCl  (V  +  1)  +  e 


3.  The  substitution  reaction  was  included  in  the  model: 

ArCl*  +  Xe  —  XeCl*  +  Ar 


4.  The  process  being  reverse  to  the  XeCl  molecule  collisional  decay  in  the  ground  state, 
i.e.,  the  recombination  process  of  Xe  and  Cl  atoms,  was  included 

Xe  +  Cl  +  Ar  -  XeCl(X)  +  Ar 


Fig ,  4 


Comparison  of  the  specific  output  energy  (1),  and  fluorescence  intensity  (2)  with 
calculated  result  (3)  as  a  function  of  the  HCl  pressure.  The  Ar  and  Xe  pressures 
are  2  atm  and  60  torr. 


Figure  4  shows  experimental  values  for  generation  and  luminescence  energies  depending 
on  HCl  content  at  P  =  2  atm.  Here,  the  calculated  dependence  Egen  ^  (HCl)  is  given. 

The  amplification  factor  calculated  dependence  has  a  similar  form.  The  absolute  value  at 
an  HCl  optimum  concentration  at  P  =  2  atm  came  up  to  0.17  cm”^,  which  agrees  with  the  mea¬ 
sured  value  (see  Fig.  1).  On  the  whole,  the  comparison  of  experimental  results  with  cal¬ 
culations  has  found  a  good  agreement  and  has  demonstrated  acceptability  of  the  kinetic 
model  to  predict  energy  characteristics  of  e-beam  pumped  XeCl  laser. 
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Abstract 

A  substantial  understanding  of  the  hydrogen  fluoride  laser  has  resulted  -from  17  years  of  research  and 
technology  development.  Particularly  significant  experiments  have  been  conducted  under  the  SDI  in  the  past 
year  and  a  half,  and  others  are  imminent,  addressing  the  limitations  on  power  scaling  with  the  retention  of 
high  quality  beam  characteristics.  It  is  clear  from  this  body  of  work  that  the  physics  of  these  lasers  allow 
configurations  of  high  power.  Furthermore,  recent  developments  establish  the  applications  of  stimulated 
Brillouin  scattering  phase  conjugation  techniques  to  HF  lasers.  This  allows  systems  of  even  higher  powers  and 
larger  projecting  optics,  along  with  reductions  in  requirements  on  laser  optical  quality,  mirror  figures, 
alignments  and  stabilization  systems.  Attendant  reductions  in  engineering  risks  and  costs  result.  This  paper 
briefly  reviews  the  basic  physical  processes  of  HF  lasers,  the  approaches  to  and  limitations  on  power  scaling, 
and  the  recent  results  and  potential  applications  of  phase  conjugation  techniques  to  these  lasers. 

I.  Introduction 

High  power  hydrogen  fluoride  (HF)  chemical  lasers  have  been  the  subject  of  research  in  the  United  States  of 
America  for  17  years.  This  period  has  seen  a  methodical  march  to  higher  powers  together  with  an  increased 
understanding  of  the  limitations  on  power  scaling  and  beam  quality.!  The  availability  of  high  power  devices 
has  also  allowed  development  of  the  technology  of  associated  target  acquisition  and  beam  projection  systems, 
and  understanding  of  the  effects  of  the  high  power  beams  on  targets  of  interest.  In  recent  years  the  more 
substantial  work  on  these  lasers  and  associated  technologies  has  been  sponsored  by  the  Strategic  Defense  Ini¬ 
tiative  Office  in  context  with  the  requirements  for  space-based  boost-phase  ballistic  missile  defense  (BMD) . 

Recently,  significant  technical  achievements  have  occurred  that  establish  the  basis  for  very  high  power, 
high  brightness  HF  laser  systems.  Near-term,  high-performance  lasers  in  the  range  of  megawatts,  and  project¬ 
ing  optics  on  the  order  of  meters  in  diameter  appear  perfectly  reasonable.  At  the  same  time,  advanced  tech¬ 
nology  work  has  established  the  physical  feasibility  of  larger  powers  still,  and  high  quality  beams  projected 
from  optics  even  larger.  These  advanced  technologies  may  allow  the  systems  to  be  built  to  tolerances  at 
mechanical  rather  than  optical  dimensional  scales.  Obviously  this  has  important  implications  in  behalf  of 
desirable  physical,  engineering  and  cost  characteristics  of  far  term,  directed  energy  BMD. 

These  remarkable  conclusions  are  drawn  from  work  that  has  been  accomplished  on  a  number  of  programs  involv¬ 
ing  large  laser  devices,  large  projecting  optics  and  technology  development  for  laser  beam  stabilization, 
aberration  control,  pointing  and  tracking  for  space-based  systems.  Techniques  have  been  demonstrated  for 
coherently  combining  laser  cavities  to  achieve  very  high  powers,  and  coherently  combining  optical  trains  and 
elements  to  achieve  very  large  projecting  optics.  Other  programs  have  demonstrated  the  ability  to  build  laser 
devices  and  associated  optical  systems  to  loose  tolerances  and  then  use  adaptive  optics  techniques  to  sense 
and  correct  for  the  imperfections,  and  thus  deliver  nearly  diffraction-limited  beams.  The  techniques  for 
synthesizing  laser  cavities  and  optics,  and  correcting  optical  imperfections,  have  involved  technologies  for 
wavefront  sensors,  deformable  mirrors,  and  high  frequency  closed-loop  stabilization  systems.  More  recently, 
nonlinear  optics  phenomena  have  been  explored;  they  do  the  same  things  but  eliminate  much  of  the  hardware 
required  for  these  functions--leading  to  significant  engineering  simplifications  and  cost  reductions.  This 
paper  will  highlight  the  results  of  some  of  these  investigations  and  show  how  they  relate  to  and  support  the 
projection  to  near-term  and  far-term  capabilities. 

In  recent  public  information  releases  and  reports,  the  American  Physical  Society  has  commented  on  chemical 
lasers  as  candidates  for  BMD  weapons  that  need  from  one  to  several  orders  of  magnitude  advance  in  power  scale 
from  currently  announced  kW  levels. ^<3  The  statements  would  lead  one  to  believe  that  the  required  advance¬ 
ments  will  be  difficult.  The  report  was  published  in  the  summer  of  1987.  It  is  derived  from  reviews  held  in 
mid-1986,  on  work  essentially  conducted  up  through  1985.  This  is  a  fast  moving  field.  Inconsistencies  exist 
between  APS  press  releases,  APS  council  statements,  and  the  report  itself;  these  are,  in  part,  a  reflection  of 
the  rapid  advances  that  were  occurring  as  the  review  and  report  writing  were  underway.  More  significantly, 
work  accomplished  since  the  reviews  clearly  establishes  a  different  basis  from  which  to  consider  the  ease  or 
difficulty  of  application  to  BMD. 

This  paper  presents  first  the  basic  principles  of  operation  of  continuous-wave  hydrogen  fluoride  (HF) 
lasers,  and  the  resulting  approaches  to  power  scaling.  The  technology  inherently  allows  the  production, 
extraction  into  a  laser  beam  and  waste  removal  of  enormous  amounts  of  energy;  these  don't  really  limit  power 
scaling.  The  limitations  for  useful  systems  come  with  the  requirement  to  maintain  high  optical  quality  at 
high  power,  i.e.,  beam  quality  effects  eventually  limit  the  scale  of  individual  devices.  Two  forms  of  devices 
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are  described.  The  linear  device  is  so-called  because  the  chemicals  that  provide  the  source  energy  are 
injected  as  flowing  medium  from  a  linear  plane  array.  Increases  in  the  height,  length  and  flow  injection 
characteristics  provide  for  the  scaling  within  this  concept.  The  successful  history,  achievement  of  high 
power  and  limitations  within  this  concept  are  discussed.  Next  we  describe  the  cylindrical  laser;  here  the 
cavity  injection  is  accomplished  from  a  cylindrical  assembly  that  provides  a  radially  outward  flow,  thus  an 
annulus  of  gain  medium.  This  concept  allows  yet  higher  power  scales,  has  other  attributes  favorable  for  space 
applications,  and  is  the  subject  of  a  major  program  currently  underway.  Finally  we  discuss  the  techniques  by 
which  either  of  the  basic  approaches  can  be  used  as  building  blocks  for  coherent  combination  into  very  high 
power  devices.  In  this  regard,  we  report  particularly  on  recent  results  using  stimulated  Brillouin  scattering 
(SBS)  phase  conjugation  in  HF  lasers.  These  results  establish  the  physical  basis  for  very  high  power,  very 
high  brightness  systems,  simultaneous  with  relaxations  in  requirements  by  factors  of  hundreds  and  thousands  on 
component  and  subassembly  optical  quality,  mirror  figure,  alignments  and  stabilizations. 

1 1 .  Basic  Principles  of  Operation  of  HF  Lasers 

Elementary  descriptions  of  continuous-wave  hydrogen  fluoride  la-ers  have  been  presented  in  several 
places. We  present  here  a  brief  summary  to  provide  context  for  subsequent  discussions  of  scaling 
limitations.  High  power  continuous-wave  HF  lasers  use  the  chemistry 

F  +  H2  *  HF*  +  H  32  kcal/mole 

This  reaction  has  the  property  that  the  energy  release  is  found  in  the  first  through  third  excited  vibrational 
states,  not  in  the  ground  state--an  inherent,  nascent  population  inversion  from  which  to  accomplish  stimulated 
emission.  To  establish  this  reaction  in  a  laser  optical  cavity,  two  stages  of  combustion  are  used  as  shown  in 
Figure  1.  The  first  dissociates  a  fluorine  compound  to  make  F;  the  second  injects  and  mixes  H2  in  the  laser 
optical  cavity. 

This  second  combustion  stage  occurs  in  the  midst  of  a  mixing,  supersonic  flow  field.  Figure  2  shows  typi¬ 
cal  flow  conditions  for  an  efficient  laser.  As  the  mixing,  reacting  flow  field  progresses,  new  excited  state 
molecules  are  born;  the  low  pressure,  cold  temperature  and  continued  flow  expansion  mitigates  the  depopula¬ 
tion,  heating  and  pressure  rise  that  ensue.  The  result  is  a  modest  temperature  and  pressure  rise  through  the 

cavity  as  the  excited  states  are  depopulated  by  collisional  deactivation,  in  competition  with  stimulated  emis¬ 
sion.  First  growth  and  then  decay  of  excited  vibrational-rotational  states  occur  along  the  flow  direction. 
Interestingly  enough  the  bulk  of  the  cavity  may  not  contain  a  total  vibrational  state  population  inversion  but 
still  allow  stimulated  emission  from  a  "partial"  inversion.  Figure  3  shows  this  situation,  where  population 
inversion  exists  only  for  P-branch  transitions,  in  which  the  rotational  state  quantum  number  increases  as  the 
vibrational  state  quantum  number  drops  (AV  =  -1,  Aj  =  +1).  The  lower  the  rotational  temperature,  the  higher 
the  gain  for  these  partial  inversions.  It  is  these  partial  inversion  P-branch  transitions  that  are  most  com¬ 
monly  found  in  the  multiline  output  of  CW/HF  chemical  lasers  (Figure  4).  The  use  of  the  hydrogen  isotope 
deuterium  produces,  by  the  same  processes  but  a  different  vibrational-rotational  state  structure,  a  different 
laser  spectral  output  in  the  range  3.6-4. 1/*. 

Much  of  the  attention  of  researchers  has  been  directed  toward  producing  a  mixing,  reacting  supersonic  flow 
environment  to  provide  scalable  high-power  density,  high-efficiency,  optically  clean  lasers.  Unfortunately, 
from  an  engineering  point  of  view,  these  represent  a  conflicting  set  of  requirements.  Figure  5  is  a  view  of 
the  flow  in  a  supersonic  HF  chemical  laser.  In  this  laser,  slit  nozzles  alternately  inject  F  and  H2  bearing 
flows.  At  the  cavity  entrance,  the  dark  streams  are  the  unreacted  core  flows.  The  triangular  bright  regions, 
which  increase  in  transverse  dimension  along  the  flow  direction,  are  the  zones  in  which  mixing,  reaction,  and 
‘excited  HF  production  take  place.  Eventually,  due  to  their  increasing  transverse  dimension,  these  zones 
coalesce.  (The  radiation  observed  in  the  figure  originates  from  excited  HF  molecule  overtone  emissions  oc¬ 
curring  along  with  the  fundamental,  but  at  visible  wavelengths.) 

To  understand  this  complex  situation,  we  have  to  look  very  closely  at  the  processes  occurring  near  the 
nozzle  exits.  Figure  6  is  a  representation  of  what  occurs  here  for  three  different  conditions.  Here  we  see  a 
combination  of  fluid  mechanics,  chemistry  and  optical  physics  phenomena.  The  nozzles  have  boundary  layer 
viscous  flows  and  supersonic  core  flows.  Base  regions  of  the  nozzle  can  provide  for  continued  expansion  and 
cooling  of  the  flow,  but  they  set  up  recirculation  zones  that  may  entrain  depopulated  species  downstream  and 
transport  them  upstream  to  the  detriment  of  the  optical  gain.  The  nozzle  boundary  layer  viscous  flows  persist 
in  the  cavity  and  become  wakes.  As  the  supersonic  flows  enter  the  cavity,  mix  with  adjacent  flows,  and 
encounter  the  chemical  energy  release,  supersonic  shocks  occur  which  are  another  source  of  local  optical  path 
differences  potentially  detrimental  to  beam  quality.  To  design  a  high-power  laser,  one  has  to  understand  this 
flow  field,  the  growth  and  decay  of  each  vibrational-rotational  state  population,  and  the  optical  disturbance 
features. 

High  efficiency  requires  good  utilization  of  available  reactants  and  a  high  rate  of  production  of  the 
excited  states  species  (rapid  mixing  and  chemical  reaction),  a  high  rate  of  stimulated  emission  (high  optical- 
field  strength),  a  low  rate  of  deactivation  (low  temperature,  low  pressure),  and  rapid  removal  of  depopulated 
species  (high  flow-field  velocity).  These  tend  to  create  conflicting  requirements.  Rapid  mixing  and  chemical 
reaction  argue  for  a  fine  mixing  scale;  however,  small  nozzles  fill  with  boundary  layer  which  gives  higher 
temperature,  higher  pressure,  and  lower  Mach  number.  If  one  tries  to  promote  rapid  mixing  with  boundary  layer 
trip  flows  or  transverse  injections,  the  resulting  shocks  create  temperature  and  pressure  increases,  and  op¬ 
tical  path  disturbances. 
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The  trend  through  the  1970's  was  to  finer  and  finer  nozzle  scales,  mixing  promotion,  and  the  heavy  use  of 
diluent  gas  heat  capacity.  Wilson^  reports  slit  nozzle  structur.s  with  nozzle  throats  on  the  order  of  0.1  mm, 
nozzle  exits  varying  from  1.0  to  2.0  mm,  and  boundary  layer  trip  injection  holes  along  the  exit  edges  of  the 
nozzle  blades.  In  addition,  intricate  blade  internal  passages  and  feed  hole  configurations  exist  if  one 
attempts  to  provide  blade  regenerative  cooling  through  the  use  of  the  source  reactants.  However,  these  fine- 
scale  mixing  laser  configurations  provide  high  density  flows  and  allow  large-scale  HF  and  OF  lasers  with  good 
pressure  recovery  (lower  exhaust  pumping  requirements).  Nozzles  of  this  character  are  used  in  the  Mid- 
Infrared  Advanced  Chemical  Laser  (MIRACL),  currently  located  at  the  National  High  Energy  Laser  Systems  Test 
Facility  at  the  White  Sands  Missile  Range.  In  this  laser,  the  design  objectives  of  high  power,  high  power 
density,  and  high  pressure  recovery  have  compromised  efficiency  and,  somewhat,  optical  quality.  The  gain  path 
length  is  several  meters.  The  optics  form  a  simple  confocal  unstable  resonator,  as  shown  in  Figure  1.  The 
optical  axis  and  the  collimated  output  are  aligned  perpendicular  to  the  flow  direction  and  parallel  to  the 
face  of  the  nozzle  array.  In  MIRACL,  the  small  local  flow  wakes,  created  by  the  regenerative  cooling  struc¬ 
tures  integral  to  the  small  blades,  are  designed  not  to  be  aligned  along  the  output  pass.  If  they  were,  their 
effects  would  reinforce  and  affect  the  output  beam  quality.  By  tilting  the  nozzle  banks  slightly,  so  as  to 
misalign  these  disturbances,  and  thus  average  out  rather  than  reinforce  their  effect,  a  significant  increase 
in  beam  quality  is  realized.  The  MIRACL  laser,  which  has  been  a  successful  scaling  experience,  has  provided 
dramatic  and  important  data  in  behalf  of  the  Strategic  Defense  Initiative  (SDI). 

As  HF/DF  laser  technology  has  advanced,  particularly  on  behalf  of  space-based  applications,  it  has  become 
apparent  that  the  fine-scale  mixing  nozzle  is  inappropriate.  Fine-scale  nozzles  are  filled  with  boundary 
layer  to  the  extent  that  low-pressure,  high-Mach  number  conditions  are  difficult  to  achieve.  Since  space 
lasers  have  their  own  natural  exhaust  pump  and  need  no  pressure  recovery,  they  can  operate  at  the  high- 
efficiency,  low-pressure,  low-temperature  conditions  provided  by  large-scale  nozzles.  Thus  the  technology  has 
turned  in  the  direction  of  large  primary  fluorine  nozzles  combined  with  injection  of  the  H2  or  D2  through 
hypersonic  wedge  structures  located  across  the  primary  nozzle  exit  plane  (but  misaligned  with  respect  to  the 
optical  axis  and/or  output  pass  direction).  This  method  provides  a  well-established  supersonic  flow  in  the 
primary  nozzle,  with  relatively  little  boundary  layer  growth  along  the  hypersonic  wedges.  Care  has  to  be 
taken  to  assure  that  the  shocks  created  by  the  hypersonic  wedges  do  not  block  the  primary  nozzle  or  create 
undesirable  optical  path  differences  (OPOs)  in  the  optical  cavity.  Large-scale  nozzle,  hypersonic  wedge 
injection  technology  is  being  incorporated  in  the  SDI  Project  ALPHA. 

The  design  problem  for  a  high  power,  efficient,  high  quality,  HF  laser  is  technologically  complex.  It  is, 
of  course,  a  matter  of  record  that  it  has  yielded  to  a  combination  of  scientific  understanding  and  engineering 
verification  processes  which  now  result  in  efficient,  high  power,  high  beam  quality  HF  laser  designs.  The 
engineering  process  consists  of  constructing  at  modest  scale  a  module  of  the  combustor/gain  generator  configu¬ 
ration.  For  example,  the  ALPHA  verification  module  represents  such  a  scale  and  is  shown  in  Figure  7.  Such  a 
module  verifies  structural,  thermal,  and  flow-field  engineering  predictions.  Furthermore,  precise  optical 
measurements  are  made  on  the  gain  medium  using  absorption  spectroscopy,  optical  interferometry.  Power  extrac¬ 
tion  is  also  measured.  These  data  are  used  to  verify  the  gain  model  predictions  in  the  physical  optics  reso¬ 
nator  design  computer  codes  for  the  growth  and  decay  of  each  of  the  excited  state  populations  along  the  flow 
axis  in  both  the  small  signal  and  saturated  regimes.  The  measurements  also  provide  verification  of  input  to 
the  laser  medium  OPD  models  in  these  design  tools.  Thus,  a  rather  explicit  verification  by  measurement  is 
achieved  early  on,  assuring  that  the  large-scale  laser  design  tools  and  processes  used  for  later  design 
efforts  are  sound.  The  ALPHA  verification  module  has  been  used  in  just  this  way,  resulting  in  over  10,000 
seconds  of  experimentation,  to  lay  the  foundation  for  the  ALPHA  laser.  The  results  of  the  ALPHA  verification 
module  establish  that  path  lengths  in  excess  of  20  meters  through  this  high  efficiency  gain  medium  are 
acceptable.  Although  flow  structures  such  as  those  described  in  Figure  6  exist,  an  optically  clean  medium  is 
provided  through  the  very  low  pressure,  the  low  index  of  refraction  composition  (largely  helium),  and  careful 
attention  to  design  detail.  The  effects  experienced  even  with  20  meters  of  gain  path  length  in  a  very  high 
power  laser  are  small  in  magnitude  and  correctable  with  adaptive  optics. 


III.  Linear  Chemical  Lasers 

The  linear  chemical  laser  is  shown  schematically  in  Figure  8.  The  first  of  the  large  linear  chemical 
lasers  was  the  Baseline  Demonstration  Laser  (BDL)  shown  in  Figure  9.  In  this  case  a  cavity  injector  10  cm  in 
height  by  150  cm  in  length  provides  excited  state  HF  for  about  3  cm  in  the  flow  direction.  This  gain  volume 
is  accessed  by  a  simple  confocal  unstable  resonator.  A  total  flow  of  0.45  kg/sec  yields  100  kW  of  power  in  a 
laser  beam  that  is  nearly  diffraction-limited. 

Scaling  of  linear  chemical  lasers  has  proceeded  by  means  of  the  Navy-ARPA  Chemical  Laser  (NACL)  and  the 
Mid-IR  Advanced  Chemical  Laser  (MIRACL),  which  are  shown  in  Figures  10  and  11.  In  each  of  these  subsequent 
lasers  the  flow  density  and  cavity  injection  area  were  to  provide  both  a  larger  gain  volume  and  a  higher  den¬ 
sity  of  excited-state  HF.  The  NACL  doubled  the  gain  density  and  the  gain  length.  The  MIRACL  increased  (over 
BDL)  the  gain  height  by  a  factor  of  2.5,  the  gain  length  by  3.3,  and  the  flux  density  of  HF  excited  states  by 
3.  The  net  result  is  a  very  high  power  level.  The  history  of  these  advances  spanned  the  years  from  1973  to 
1980.  The  associated  program  consisted  of  relatively  straightforward  technology  development,  engineering,  and 
major  demonstrations.  The  mean  deviation  between  planned  and  achieved  schedules  tor  power  demonstration  was 
1.7  months.  All  three  of  these  lasers  have  been  used  in  extensive  test  programs  exploring  the  beam  character¬ 
istics,  beam  control  technologies  in  behalf  of  pointing  and  tracking,  beam  propagation,  and  beam  effects.  The 
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BDL  and  NACL  have  operated  for  tens  of  thousands  of  seconds.  The  MIRAtL  has  been  engaged  in  a  substantial 
test  program  at  the  White  Sands  Missile  Range.  Most  recently,  on  MIRACL,  the  high  power  beam  output  phase 
distribution  has  been  sensed,  and  a  deformable  mirror  has  been  used  to  actively  correct  phase  front  devia¬ 
tions.  A  clear  demonstration  was  made  of  the  ability  of  this  adaptive  optics  technique  to  compensate  for 
mirror  jitter  and  for  wave  front  variations  whose  spatial  dimensional  scale  exceeds  that  of  the  deformable 
mirror  actuator  spacing. 

The  power  scaling  limitations  of  the  linear  bank  laser  have  been  addressed  by  the  experiments  on  these  and 
other  lasers.  The  power  scaling  is  limited  by  effects  on  beam  quality  beyond  the  capacity  for  practical  adap¬ 
tive  optics  correction.  The  principal  effects  can  be  categorized  as  shown  in  Figure  12,  and  include: 

•  Flow-field  disturbances.  These  are  described  in  Section  II,  and  their  effect  depends  on  the  total 
cavity  length. 

•  Mirror  distortions.  High  reflectivity  coatings  determine  how  much  power  is  absorbed  into  the  mirrors. 
The  cooling  design  of  the  mirrors,  typically  multipass  fine-scale  heat  exchangers,  then  determines  the 
resultant  thermal  distortion  of  the  mirrors  that  is  manifest  as  a  wavefront  aberration  of  the  laser 
beam.  The  thermal  ripple  on  the  mirror  from  the  periodic  nature  of  the  buried  cooling  passages  tends  to 
be  the  distortion  effect  most  difficult  to  compensate  with  adaptive  optics  because  of  its  small  spatial 
scale.  High  mirror  incident  power  flux  densities  are  acceptable  in  practical  designs. 3 

•  Fresnel  diffraction.  A  resonator  cavity  that  is  too  long  relative  to  its  transverse  dimensions  suffers 
excessive  losses  from  diffraction  of  the  mode  outside  of  its  geometrical  optics  envelope,  followed  by 
impingement  of  the  mode  onto  the  surrounding  hardware. 

•  Anomalous  dispersion.  Multiple  longitudinal  mode  lasers  can  suffer  from  uncorrectable  anomalous  disper¬ 
sion  induced  wavefront  tilt  associated  with  the  presence  of  gain  gradients  if  the  cavity  is  too  long. 

•  Transverse  spatial  coherence.  The  resonator  mode  must  maintain  coherence  over  the  entire  mode  cross 
section  for  good  beam  quality  performance.  At  some  point,  the  transverse  dimensions  of  the  mode  exceed 
the  transverse  spatial  coherence  length. 

In  addition,  there  is  clearly  a  limit  to  the  flux  density  of  HF  radiation  that  can  be  achieved  efficiently 
and  within  a  range  of  optically  acceptable  flow  conditions.  Theoretical  limits  for  premixed  flow  conditions 
range  from  power  fluxes  of  100  W/cm^  of  cavity  flow  area  at  efficiencies  of  600  kJ/kg  of  total  flow  to  600 
W/cm2  at  300  kJ/kg  efficiency.  Since  higher  efficiencies  are  achieved  at  lower  power  fluxes,  a  trade-off 
ensues.  In  practice,  a  fair  fraction  of  the  theoretical  limit  may  be  achieved. 

The  above  discussion  allows  us  to  scope  the  potential  power  scale  of  the  linear  chemical  laser.  Even 
higher  power  lasers  appear  reasonable.  At  values  for  the  cavity  height  and  length,  a  factor  of  two  greater 
than  MIRACL,  physical  effects  have  not  yet  reached  magnitudes  where  they  are  of  concern. 

IV.  Cylindrical  Laser 

The  cylindrical  laser  concept  is  shown  schematically  in  Figure  13.  Here  the  cavity  injector  is  a  cylinder 
of  revolution  which  injects  the  flow  radially  outward  to  form  an  annular  gain  region  of  excited-state  HF.  In 
effect  the  height  limitation  of  the  linear  configuration  has  been  relaxed  by  forming  it  into  a  circumference. 
Mode  control  and  communications  are  provided  by  optical  resonators  of  special  design,  one  version  of  which  is 
shown  in  Figure  14.  Curvature  in  the  radial  direction  on  the  annular  mirrors  allows  the  mode  intensity  level 
to  be  controlled  on  the  compact  leg  mirrors. 

It  is  easy  to  see  how  this  configuration  allows  increased  power  scale.  The  same  laser  gain  length  that 
gives  us  high  power  as  a  linear  laser,  for  instance  a  50-cm  bank  height,  if  wrapped  into  a  2-meter  diameter 
cylinder,  provides  12  times  the  cavity  injector  nozzle  area.  This  gives  us  many  times  the  device  power,  with¬ 
out  increasing  at  all  the  nozzle  power  flux,  cavity  injector  length,  or  the  mode  width  and  this  is  done  with¬ 
out  increasing  any  of  the  effects  delineated  in  Figure  12.  Unchanged  are  the  medium  OPD,  the  mirror  thermal 
loading  and  distortion  effects,  and  any  of  the  other  cavity  gain  length  related  phenomena.  Thus,  the 
cylindrical  laser  takes  us  to  a  ten  times  higher  power  laser  as  far  as  limitations  of  physics  are  concerned. 

Cylindrical  chemical  laser  technology  is  under  development  in  Project  ALPHA,  which  has  been  designed, 
fabricated,  assembled,  and  is  nearing  test.  Subscale  testing  of  the  cavity  injector  configuration  and  of  the 
optical  resonator  has  essentially  already  confirmed  the  physics  basis  of  the  concept,  and  achievement  of  the 
fabrication  goals  has  established  the  engineering  feasibility  of  the  full-scale  gain  generator  and  optical 
resonator  hardware  (shown  in  Figures  15  and  16). 

V.  Nonlinear  Optics  and  the  HF  Laser 

To  build  even  higher  power  lasers,  or  to  construct  large  scale  systems  from  modules  of  smaller  scale,  the 
concepts  of  coherently  combining  laser  cavities  and  optical  elements  may  be  introduced.  When  done  properly,  no 
beam  quality  effects  are  suffered  beyond  those  of  individual  laser  or  optical  elements.  Economies  are 
realized  in  nonrecurring  engineering,  fabrication,  and  assembly  costs.  Shorter  fabrication  and  assembly  times 
can  be  realized,  and  performance  margins  can  be  increased. 
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A  number  of  programs  are  underway  in  which  various  techniques  for  combining  laser  cavities  and  optical 
elements  are  being  successfully  developed.  A  good  example  is  the  LAMP  (Large  Aperture  Mirror  Program),  where 
a  4-meter  diameter  mirror  system  has  been  designed  and  fabricated,  and  is  in  final  assembly  at  ITEK.  This 
mirror,  shown  in  Figure  17,  has  been  constructed  of  conveniently  sized  segments,  and  has  all  the  necessary 
provisions  to  sense  wavefront  aberration  and  correct  it  by  aligning  the  mirror  elements  to  within  a  small 
fraction  of  the  HF  laser  wavelength  (2.7  microns). 

Quite  recently,  a  new  technology  has  emerged  that  will  clearly  enable  the  construction  of  systems  of  much 
higher  power  and  higher  brightness  while  reducing  the  engineering  complexity  and  cost.  This  is  the 
application  of  stimulated  Brillouin  scattering  (SBS)  phase  conjugation  techniques  to  the  HF  chemical  laser. 

Results  from  work  on  this  technology  have  been  presented  in  a  number  of  forums  within  the  past  year  and  a 
half,  following  the  first  achievement  of  SBS  using  an  HF  laser  by  research  workers  at  the  Naval  Research 
Laboratories .8  Subsequent  work  has  resulted  in  the  production  of  diffraction  limited  beams  from  aberrated  HF 
lasers  by  means  of  phase  conjugation  as  well  as  from  multiple  HF  lasers  coherently  combined  by  phase  conjuga¬ 
tion  in  a  common  volume. 9  Also,  multiline  lasers  have  been  phase  conjugated, and  essentially  continuous- 
wave  operation  (pulsed  operation  with  a  pulse  length  much  greater  than  the  phonon  dephasing  time)  has  been 
demonstrated. Coherent  optical  combination  of  beams,  optical  elements  and  jitter  compensation  have  been 
demonstrated. 12  Very  high  power  systems  engineering  design  issues  have  been  addressed  and  resolved. 

The  application  of  SBS  phase  conjugation  to  a  high  power  laser  is  shown  schematically  in  Figure  18.  A  low 
power  laser  beam  of  high  quality,  represented  by  a  flat  phase  in  the  figure,  interrogates  a  high  power  laser 
amplifier  system.  It  picks  up  phase  aberrations  as  it  encounters  optical  elements  and  power  (as  well  as  fur¬ 
ther  phase  aberrations)  as  it  traverses  the  laser  amplifier  gain  stages.  The  resultant  beam  is  then  focused 
on  an  SBS  cell  to  intensities  where  the  SBS  process  occurs,  typically  1-10  G  W/cm2.  The  retroreflected  beam 
has  the  conjugated  phase  property,  i.e.,  it  has  the  same  phase  distribution  as  the  incident  beam,  but  it  is 
now  travelling  in  the  opposite  direction.  Therefore,  what  was  previously  a  phase  retardation  is  now  a  phase 
advancement  of  the  same  magnitude,  and  vice-versa.  Thus,  as  the  beam  retraces  its  path  and  encounters  the 
same  optical  aberrations,  its  phase  distribution  is  restored  to  a  replica  of  the  phase  distribution  of  the 
input  interrogating  beam.  It  is  further  increased  in  power  by  the  effect  of  the  laser  amplifier  stages.  This 
system  provides  a  high  power  laser  beam  whose  phase  is  a  replica  of  an  input  low  power  laser  beam.  Further, 
the  low  power  laser,  and  the  reflecting  SBS  cell  can  be  quite  inefficient  without  much  degradation  of  the 
total  power  of  the  system,  since  most  of  the  system  power  is  derived  in  the  final  pass.  All  aberrations  that 
are  essentially  static  within  the  round  trip  transient  time  of  the  beam  in  the  system  are  compensated.  Typi¬ 
cally  this  provides  for  a  MHz  bandwidth  adaptive  optics  capability  and  includes  not  only  spatially  distributed 
aberrations,  but  also  all  forms  of  jitter  (tilts).  The  limit  on  the  magnitude  of  the  aberrations  that  can  be 
corrected  is  that  which  will  allow  a  sufficienffocus  within  the  SBS  cell.  This  is  required  to  achieve  the 
necessary  intensities  for  stimulated  Brillouin  scattering  to  occur  with  high  reflectivity. 

The  net  result  is  that  it  is  no  longer  necessary  to  have  to  design  the  high  power  optical  system  to  toler¬ 
ances  of  a  tenth  of  a  wavelength,  with  components  thus  generally  toleranced  to  a  hundredth  of  a  wavelength. 

The  requirements  on  the  high  power  optical  system  are  literally  relaxed  by  a  factor  of  a  thousand.  One  can 
thus  build  a  low  power,  high  quality  laser  to  interrogate  a  high  power,  low  quality  system  and  produce  a  high 
power,  high  quality  beam.  As  a  result  of  the  use  of  SBS,  this  may  be  done  with  relative  ease. 

Furthermore,  the  concept  allows  the  combination  of  laser  amplifiers  and  optical  systems  as  shown  schemati¬ 
cally  in  Figure  19.  Here  is  a  single  interrogating  laser  explores  a  parallel  array  of  laser  amplifier  stages 
and  projecting  optical  elements,  is  phase  conjugated,  and  results  in  a  coherently  combined  set  of  amplifier 
stages  in  the  output  pass.  After  all,  the  scheme  of  Figure  18  applies  whether  it  is  used  for  compensating  for 
aberrations  in  a  portion  of  single  mirror,  or  a  segment;  or  similarly,  for  aberrations  in  a  portion  of  a  large 
laser  cavity,  or  an  individual  cavity  in  an  array. 

Figures  20,  21,  and  22  show  results  from  high-fidelity  HF  laser  phase  conjugation,  coherent  combination  of 
HF  laser  cavities,  aberration  correction  of  segmented  optics  performance,  correction  of  jitter,  and  demonstra¬ 
tion  that  high-fidelity  continuous-wave  operation  SBS  can  be  achieved.  The  latter  is  accomplished  without 
suffering  a  transition  to  forward  Brillouin  scattering  by  maintaining  conditions  in  a  steady  flow  rather  than 
a  continuous-wave  regime.  This  latter  consideration  adds  the  requirement  for  a  flowing  SBS  cell  with  a  medium 
of  acceptable  optical  quality.  Interferograms  from  such  a  cell  are  shown  in  Figure  23.  The  net  result  of 
this  recent  work  has  been  to  establish  a  design  regime  under  which  high-fidelity,  continuous-wave,  high-power, 
HF  laser  operation  can  be  achieved.  This  regime  is  indicated  in  Figure  24.  Detailed  discussions  concerning 
SBS  experimental  results,  analytical  techniques,  and  designs  are  being  reported  on  a  regular  basis. 

The  introduction  of  the  SBS  process  clearly  allows  the  consideration  of  systems  of  hundreds  of  megawatts  of 
power  and  of  tens  of  meters  of  projecting  optics  dimensions.  Individual  laser  amplifiers  of  the  cylindrical 
configuration  are  combined  using  SBS  to  achieve  this  total  power.  Similarly,  conveniently  sized  mirror  seg¬ 
ments  are  combined  into  what  are  essentially  large  phased  arrays.  Simultaneously,  tolerances  are  relaxed  on 
optical  components  and  assemblies  to  dimensions  measured  in  millimeters  and  sometimes  even  in  centimeters. 
Wavefront  sensing  systems,  along  with  high  precision  actuation  and  stabilization  systems,  are  in  many  cases, 
eliminated  altogether. 
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VI.  Conclusions 


V12, 


Chemical  lasers  have  good  attributes  for  consideration  in  space  applications  requiring  high  power  systems, 


Direct  conversion  high  efficiency  of  stored  chemical  energy  to  a  laser  beam 

Scalability  to  very  high  laser  powers  by  a  direct  increase  in  the  reactant  flow  rates  and/or  exit  area 
of  the  unit  reactor  configuration 

Low  index  of  refraction  cavity  composition  and  low  density  flow  conditions  that  provide  for  nearly 
diffraction-limited  beam  performance  in  very  high  power  configurations 

High  performance  reliability  (simple,  non-stressed  hardware) 

Lightweight,  compact  hardware  without  the  substantial  weights  that  tend  to  accompany  electrical  power 
generation,  high  voltage  conditioning  or  photoconversion  processes 


Compatibility  of  the  space  vacuum  with  low  laser  cavity  pressure  conditions,  providing  easy 
pumping  and  high  efficiency  collisional  deactivation  conditions  in  the  laser  cavity. 


exhaust  gas 


In  addition,  a  technology  base  has  been  established  within  the  recent  past  that  provides  the  physical  basis 
for  scaling  very  large  individual  HF  chemical  lasers  and  the  size  of  the  associated  projecting  optical  sys¬ 
tems.  Phase  conjugation  technology  has  been  demonstrated  that  allows  much  larger  systems  with  major  relaxa¬ 
tions  in  requirements  that  have  made  such  very  large  systems  appear  difficult  and  expensive  in  the  past.  Much 
of  the  work  that  leads  to  these  conclusions  is  quite  recent. 
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Figure  8.  Linear  Chemical  Laser  Configuration 


Figure  9.  Baseline  Demonstration  Laser 


Figure  10.  Navy  ARPA  Chemical  Laser 
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Figure  13. 


Cylindrical  Chemical  Laser 
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Figure  14.  Cylindrical  Laser  Resonator 
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Figure  15.  ALPHA  Cylindrical  Gain  Generator  Assembly 
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Figure  17.  4m  Lamp  Mirror 


STIMULATED 

BRILLOUIN 


•  Low-power,  high-quality  beam  interrogates  the  system  and  picks  up  phase 
aberration  (and  power) 

•  Phase-conjugate  beam  returns  and  deconvolves  phase  aberration,  with  further 
power  amplification 

•  High-power  beam  exits  with  phase  replicate  (and  jitter  replicate)  of  low-power 
oscillator  input 

Figure  18.  SBS  Phase  Conjugation  Applied  to  a  High-Power  Laser  System 
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Figure  19.  Phase  Conjugation  Laser  Cavity  Combining  and  Optics  Phasing 
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Far-Field  Intensity  Profiles 


Aberrator  BQ  =  1.64  corrected  to  BQ  —  1.03 

Figure  20.  High-Fidelity  HF  Laser  Phase  Conjugation 
Correction  of  Aberrations 


Figure  21.  Aberration  Correction  Plus  Coherent 
Combination  of  HF  Laser  Cavities  to 
Diffraction  Limited  Beam  Performance 
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Segmented  Primary  Mirror 


Far  Fieid  Patterns 


WITH  SBS 


SBS 


Figure  22.  Use  of  Phase  Conjugation  to  Obtain  Diffraction 
Limited  Performance  from  an  Array 


Interferograms  of  Flowing  SBS  Cell 


Good  optical  quality  demonstrated 

Figure  23.  Flowing  SBS  Cells  Allow  Operation  Without  the  Development 
of  Competing  Forward  SBS  Processes 


Figure  24.  An  Acceptable  Design  Space  Exists 
for  SBS  Application  to  Very  High 
Power  Laser  Systems 
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SPACE  BASED  CHEMICAL  LASERS  EXDR  BALLISTIC  MISSILE  DEFENSE  (BMD) 

N.  Griff,  ®L  Program  Manager,  Strategic  Defense  Initiative  Office  (SDIO/TA®)  /  Washington,  D.C. 
D.  C.  Kline,  Director,  Special  Projects,  W.J.  Schafer  Assoc,  Arlington,  VA 


ABsraxre 

The  paper  begins  with  a  brief  review  of  the  history  of  ballistic  missile  defense,  including  President 
Reagein's  dissatisfaction  with  the  condition  of  an  offensive  dominated  deterrence,  vAiich  eventually  led  to  the 
formation  of  the  Strategic  Defense  Initiative  (SDI).  Also  discussed  is  the  view  that  the  requiranents  for  an 
early  directed  energy  weapons  (DEW)  system  are  far  different  from  those  beyond  the  year  2000.  Generalized 
top  level  performance  requirements  for  a  Space  Based  Chemical  Laser  (SBCL)  are  then  discussed,  after  which 
the  concept  of  phasing  SBCL  modules  together  on-orbit  to  ctotain  very  high  brightness  systems  is  introduced. 
A  discussion  of  the  application  of  SBCLs  to  the  area  of  interactive  discrimination  is  then  presented. 
Turning  to  SBCL  technology  readiness,  chemical  laser  devices,  beam  control,  large  optics, 
aoquisition/tracking/pointing,  rapid  retargeting,  and  coherent  beam  combination  are  briefly  discussed.  To 
complete  the  picture,  a  discussion  of  the  survivability  of  SBCLs  in  the  context  of  the  entire  SDI  systan  is 
presented,  including  possible  adversary's  responses,  design  features  to  increase  survivability,  and  a 
separate  discussion  of  the  threat  of  cin  adversary's  ground  based  laser  ASAT  to  an  SBCL  and  SDI  defense 
system. 

I.  BACKGROUND 

Soon  after  the  conclusion  of  World  Wcir  II  scientists  and  the  military  in  the  United  States  and  the 
Soviet  Union  began  to  focus  on  the  weapon  potential  that  an  intercontinental  ballistic  missile  force 
could  provide.  By  the  1950 's,  both  the  US  and  the  Soviet  Union  had  developed  a  small  force  of 
missiles  armed  with  nuclesir  warheads  that  could  threaten  each  other's  heartland,  thus  ushering  in  the 
age  of  nuclear  destruction  by  renote  control.  It  soon  became  apparent  that  a  defense  against  this 
necir-instcintcineous  devastation  was  highly  desirable,  aind  both  sides  began  working  on  ground  based 
ballistic  missile  defense  (BMD)  systems.  Both  sides  later  signed  the  Anti-Ballistic  Missile  (ABM) 
Treaty  in  1972  that  limited  each  side  to  one  ABM  site  with  a  total  of  100  interceptors.  The  US  began 
the  construction  of  their  one  allowed  site  in  Grand  Forks,  North  Dakota,  but  soon  lost  interest 
because  of  the  limited  defense  of  the  US  population  such  a  system  could  offer.  The  situation  in  the 
early  1980's  was  that  the  US  had  no  defense  against  ballistic  missiles,  while  the  Soviet  Union  opted 
to  conplete  their  one  authorized  defensive  site,  located  around  Moscow. 

After  being  elected  to  the  presidency,  Ronald  Reagan  became  interested  in  the  possibility  that, 
unlike  the  defenses  technologically  possible  in  the  1960's  and  early  1970's,  new  technologies  being 
developed  in  the  US  might  actually  be  able  to  achieve  population  defense  against  a  nuclear  ballistic 
missile  attack.  On  March  23  1983  he  announced  his  intention  to  establish  a  major  research  program  to 
investigate  the  feasibility  of  developing  and  deploying  a  ballistic  missile  defense,  and  established 
the  Strategic  Defense  Initiative  Organization  (SDIO)  in  early  1984.  The  short  history  of  the  SDIO  is 
familiar  to  all. 

One  of  the  new  technologies  that  metde  the  President  feel  that  a  very  capable  BMD  was  possible  was 
directed  energy  weapons  (DEWs) .  Throughout  the  1970's,  all  three  of  the  military  Services  had 
aggressive  programs  in  various  CEW  technologies  aimed  at  tactical  applications,  mostly  in  the  arena 
of  air  defense.  At  the  same  time,  the  Defense  Adveuxied  Research  Projects  Agency  (DARPA)  was 
investigating  the  application  of  various  DEW  technologies  to  strategic  problems,  namely  BMD, 
anti-satellite  (ASAT)  and  strategic  air  defense.  Technologies  being  investigated  throughout  the  DoD 
speinned  the  entire  spectrum  of  "conventional"  DEW  candidates. 1 

In  the  context  of  ballistic  missile  defense,  one  point  of  possible  confusion  that  has  permeated  many  of 
the  discussions  about  the  role  of  directed  energy  weapons,  and  space  based  lasers  in  particular,  is  a 
delineation  of  near  term  versus  longer  term  requirements  for  such  systems.  As  one  might  expect,  these 
requirements  tend  to  be  not  only  worlds,  but  universes  apart,  depending  on  the  points  of  view  of  the 
debaters. 

In  fact,  the  phenomenon  that  is  occurring  is  one  that  is  totally  predictable;  in  the  early  days  of  BMD 
and  SDI  very  little  Wcis  known  about  the  physical  nature  of  the  adversary's  threat  with  vt^iich  SDI  systems 
might  have  to  contend.  This  deficiency  is  of  little  consequence  in  the  world  of  kinetic  energy  weapons 
(KEWs) ,  since  if  one  can  hit  -“n  ICBM  or  RV  with  almost  any  form  of  KEW,  there  is  little  doubt  that 
destruction  of  both  objects  will  occur  and  the  defense  will  be  successful  (in  that  engaganent) .  In  the  case 
of  lEWs  things  are  startlingly  different.  Depending  upon  the  assumptions  made  as  to  the  "hardness"  (laser 
rcdiation  resistance)  of  an  adversary's  boosters,  which  remain  the  primary  targets  for  DEWs  when  used  as  a 

1  D.C.  Kline,  "A  Case  for  Space  Based  Chemical  Lasers  in  the  Strategic  Defense  Initiative",  Preprint  Number 
AIAA-87-1389,  June  1987. 
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weapon,  systems  capable  of  negating  such  targets  range  from  something  that  could  be  available  early  to 
systems  that  might  take  decades  to  develop.  The  truth  is  that  as  more  information  has  been  gained  about  the 
hardness  of  boosters  in  both  the  near-term,  and  countermeasures  to  make  them  harder  in  the  longer-term,  it  is 
evident,  with  some  fair  degree  of  certainty,  that  the  problem  is  not  nearly  as  tough  as  originally 

postulated.  This  is  very  important,  since  it  not  only  reduces  the  requirements  for  an  early  system,  but 

allows  a  much  more  orderly  transition  from  the  near  to  the  longer  term  DEW  systems. 

II.  SPACE  BASED  CHEMICAL  lASERS 

OTILITY: 

The  extent  to  which  a  Directed  Energy  Weapon  can  penetrate  the  atmosphere  has  a  significant  effect  on  its 
utility  in  the  boost  phase  battle.  In  the  case  of  the  HF  chemical  laser  this  lower  altitude  limit  can  be 
considered  to  be  the  cloud  tops,  where  a  significant  amount  of  water  vapor  begins  to  appear  in  the 
atmosphere.  This  is  at  an  ciltitude  of  approximately  10  Km.  Clearly,  this  constraint  is  not  uniform,  and 
under  some  geograj*iical  and  meteorological  conditions  high  power  HF  beams  can  penetrate  to  an  altitude  of 
several  kilometers.  It  should  be  pointed  out,  however,  that  even  at  10  Km  this  constraint  is  not  at  all 
serious,  since  missile  detection  at  altitudes  below  the  cloud  tops  is  highly  unlikely.  This  ability  to 

penetrate  the  atmosphere  deeply  without  significant  loss  of  laser  energy  allows  SBCLs  to  be  primary 

candidates  for  the  ABM  boost  phase  battle. 

Because  of  its  desired  low  pressure  operating  regime  for  high  efficiency  operation  and  exhaust 
management  issues,  space  is  a  natural  envircximent  for  chemical  lasers.  Since  the  conversion  of 
chemical  energy  to  laser  energy  is  relatively  efficient,  the  Space  Based  Chemical  Laser  (SBCL)  is  a 
particularly  attractive  option  when  one  considers  a  space  based  defensive  system  involving  directed 
energy  weapons  (DEW).  In  general,  the  top-level  requirements  for  a  Space  Based  Chemical  Laser  are  as 
follows; 

o  Many  megawatts  of  operating  power 
o  Good  beam  quality 

o  High  reactant  utilization  efficiency 
o  Lightweight  conponents 

o  "Agile"  beam  (ability  to  rapidly  retarget) 
o  High  quality  projecting  optic  (primary  mirror) 
o  High  performcince  becim  control  a^  correction  subsystem 
o  Accurate  acquisition,  tracking  and  pointing  (ATP)  subsystem^ 

Chemicad  laser  devices  with  good  beam  quality  exist  today  that  are  very  near  the  power  levels  expected  to 
be  required  for  boost  phase  intercept  ip  until  the  year  2000  and  beyond.  Specifically,  the  MIRACL  chemical 
laser,  which  was  first  tested  in  1980  is  within  a  factor  of  5  or  6  of  the  power  levels,  and  within  a  factor 
of  2  of  the  beam  quality,  required  for  an  early  SBL  system. 

In  addition,  confidence  is  being  steadily  gained  in  new  technologies,  such  as  pliasing  individual  modules 
together  on-orbit,  that  can  allow  an  early  space  based  chemical  laser  constellation  to  grew  in  capability 
(brightness)  as  the  threat  responds  so  that  no  hardware  obsolescence  occurs.  From  the  brightness  equation, 

P  d2 

B  - - 

-X2[i  +  (bq2  -  1)  +  r,j2  +  r,„fg2] 

where  B  =  Brightness  (Watts/Stereradian) 

P  =  Device  Power  (Megawatts) 

D  =  Projecting  Optic  Diameter  (Meters) 

X  =  Wavelength  (Microns) 

BQ  =  Beam  Quality  (Dimensionless) 
fij  =  System  Jitter  (1  <j  ) 

'^wfe  =  Wave  Front  Error  (1<t  ) 


one  can  see  that  the  projecting  optic  diameter  is  a  major  driver  in  achieving  very  high  brightness 
systems  of  interest  for  ballistic  missile  defense.  The  concept  of  phasing  HF  SBCLs  offers  the 
ability  to  build  and  deploy  "modules"  in  packages  that  can  be  made  compatible  with  existing  and 
planned  launch  vehicle  capabilities  and  assembling  them  together  on  orbit,  thus  allowirtg 
(theoretically,  at  least)  unlimited  growth  potential. 3 

Our  confidence  is  based  ipon  the  results  of  snail  scale  experiments  conducted  at  government  and 
contractor  facilities  at  low  powers,  but  which  we  believe  can  be  scaled  to  high  power  lasers  of  interest.  We 
have,  for  many  years,  devoted  substantial  resources  to  building  and  updating  very  complex  computer  codes  that 
we  have  shown  the  ability  to  accurately  predict  the  outcome  when  scaling  from  small  laboratory  experiments  to 
high  powers. 

2»3  op  cit 
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Another  inportant  utility  area  for  SBCLs  is  interactive  discrimination  (lAD) .  Front  the  time  of  the 
Fletcher  study  to  present,  there  has  been  a  spirited  debate  both  within  and  outside  of  the  SDI  community 
concerning  the  issue  of  discriminating  warheads  from  penetration  aids  and  a  variety  of  decoys  that  might  be 
deployed  as  a  countermeasure  to  an  SDI  system.  Many  concepts  have  been  investigated  that  have  varying 
degrees  of  effectiveness  and  utility  in  this  role.  Over  the  past  several  years  the  utility  of  using  a  multi¬ 
purpose  space  based  chemical  laser  as  both  a  boost  phase  weapon  and  an  interactive  discriminator  has  been 
investigated  and  appears  to  have  great  potential. 

The  interactive  discrimination  task  with  SBCLs  and  OEMs  in  general  involves  three  technology  areas  -  - 
observables/sensors,  target  handling/rapid  retargeting,  and  interaction  phenanenology.  The  SDIO  Sensors 
Office  is  developing  the  space  surveillance  and  tracking  system  (SSTS) ,  which  will  allow  the  observation  of 
the  interactively  discriminating  event  -  either  burnthrough  or  large  velocity  vector  changes  in  decoys 
relative  to  RVs.  Rapid  retargeting  has  been  discussed  previously. 

In  the  area  of  target  interaction  phenomenology,  the  DoD  high  energy  laser  program  has  a  long  history  of 
laser  interaction  with  materials  programs  conducted  under  the  titles  of  damage  and  vulnerability  (D&V) , 
lethality  and  target  hardness  (L&ra) ,  etc.  Because  most  of  these  programs  predate  the  SDI,  they  have  not 
dealt  specifically  with  laser  interactions  with  balloons  and  decoys  made  from  a  variety  of  materials  in  exact 
ICBM  geonetries.  However,  much  of  the  large  volume  of  experimental  work  done  for  tactical  and  various 
strategic  targets  and  materials  go  a  long  way  towards  giving  us  confidence  in  our  modelling  and  simulations 
in  evaluating  SBLs  and  other  DEWs  in  the  lAD  role. 

One  very  attractive  feature  of  the  space  based  chemical  lasers  concept  is  that  platforms  which 
participate  in  the  boost  phase  of  the  battle  spend  most  of  their  on-board  reactants  in  the  task  of  negating 
boosters.  However,  the  "absentees"  (platforms  that  are  on  the  other  side  of  the  earth  at  the  time  of  launch) 
can  perform  the  task  of  discriminating  RVs  from  penetration  aids  for  eventual  kill  by  kinetic  energy  weapons 
as  their  orbits  bring  them  into  the  vast  midcourse  battle  space.  Thus,  for  the  price  of  a  constellation  that 
can  participate  with  the  space  based  kinetic  kill  vehicles  in  the  boost  phase  of  the  battle,  we  can  also 
achieve  a  very  high  discrimination  percentage  of  the  leakers  into  midcourse. 

TEOgJOLOSy  READINESS; 

The  initiation  of  the  major  technology  programs  that  are  required  to  successfully  demonstrate  the 
readiness  of  space  based  chemical  lasers  for  acconplishing  the  BMD  mission  were  undertaken  in  the  late 
1970's.  These  basic  ground  based  programs,  which  were  initially  sponsored  under  the  auspices  of  DARPA,  are 
now  SDIO  programs  in  their  final  stages  and  all  have  or  will  soon  succeed  in  their  technical  goals.  These 
programs  include  the  Alpha  chemical  laser  device.  Large  Optics  Demonstration  Experiment  (LODE)  beam  control 
demonstration,  and  LODE  Advanced  Mirror  Program  (LAMP)  large  space  based  mirror,  as  well  as  an  inpressive 
array  of  technology  programs  aimed  at  developing  all  aspects  of  the  technologies  needed  to  meet  all  of  the 
requiranents  stated  previously  for  an  SBL  system. 

The  Alpha  device,  tsased  upon  subscale  tests  at  the  20  -  30  Kw  level,  is  projected  to  have  excellent  beam 
quality  (Figures  1-3).  Alpha  I  was  designed  to  be  easily  scalable  to  power  levels  more  than  a  factor  of  2 
-  3  beyond  the  power  levels  required  for  an  early  system,  with  little  or  no  degradation  in  beara  quality.  It 
should  also  be  pointed  out  that  the  power  level  of  the  Alpha  I  device  was  set  not  by  the  maximum  scaling 
thought  possible  in  1980  when  the  program  began,  but  by  monetary  constraints  ijiposed  by  the  facility  cost  to 
simulate  the  vacuum  of  space. 

Beam  clean-up,  or  phase  correction  is  required  to  maintain  good  beam  quality  within  a  laser  system 
designed  for  use  in  the  BMD  role.  This  requirement  is  more  stringent  for  strategic  defense  than  for  a 
tactical  laser  system  because  of  the  great  distances  involved  in  the  engagements.  For  a  space  based  laser, 
for  instance,  the  average  engagement  range  for  a  constellation  of  approximately  50  platforms  at  1000  Km 
altitude  is  between  1000  -  2000  Km.  In  a  typical  tactical  scenario,  the  ranges  tend  to  be  10  -  20  Km.  In 
order  to  avoid  unacceptable  losses  of  energy,  the  beams  must  be  near  the  diffraction  limit.  For  space  based 
HF  chemical  lasers,  this  beam  cleanup  can  be  done  in  a  very  straight  forward  manner.  This  has  been 
demonstrated  conclusively  in  the  LCDE  program,  in  which  a  severely  abberated  beam  was  input  to  a  combination 
of  small  and  large  mirrors  and  the  phase  front  "cleaned-up"  to  less  than  1800  angstroms  total  error.  In  this 
experiment,  anall  high-bandwidth  mirrors  remove  high  tenporal/low  spatial  frequency  abberations  and  work  in 
conjunction  with  a  large  primary  mirror  with  holographic  optical  elements  and  outgoing  wavefront  sensor  to 
correct  high  spatial/lcw  tenporal  frequency  abberations  (Figure  4). 

A  critical  component  in  the  operation  of  a  space  based  chemical  laser  system  is  the  projecting  optic  or 
"primary"  mirror.  The  LAMP  mirror,  which  is  in  its  final  testing  phase,  was  designed  specifically  for  use  as 
the  primary  mirror  for  a  near  term  HF  SBL  demonstrator  (Figure  5).  LAMP  is  a  4  meter,  high  quality, 
segmented  mirror  which  has  actuators  that  "deform"  the  mirror  almost  microscopically  to  correct  for 
abberations  in  the  high  power  beam. 

The  acquisition,  tracking,  and  pointing  (ATP)  requirements  for  SBLs  (and  GBLs)  are  well  understood.  The 
final  space  conponent,  be  it  an  SBL  platform  or  a  GBL  fighting  mirror,  must  have  a  variety  of  sensors  and 
cictive  illuminators  (low  power  lasers)  in  order  to  effectively  deal  with  not  only  the  ICBM  boosters  but  the 
post-boost  vehicles,  and  perhaps  most  important,  midcourse  objects  including  RVs,  balloons,  replica  decoys. 
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chaff,  etc.  To  this  end,  all  laser  conceptual  designs  for  operational  systems  include  at  least  tvgo  and  as 
many  as  four  different  sensors  and  from  one  to  three  illuminators  to  maintain  a  robust  capability  across  all 
target  types  and  variants.  Typically,  an  SBL  platform  will  have  an  unaided  (passive)  wide  field  of  view  LWIR 
sensor  to  accortplish  the  acquisition  and  coarse  track  function.  Once  coarse  track  is  established,  a  moderate 
field  of  view  aided  or  unaided  NWIR  sensor  takes  over  during  the  intermediate  track  phase  of  the  engagement. 
Finally,  fine  track  is  established  using  either  an  aided  narrow  field  of  view  SWIR  or  visible  sensor.  Ttiis 
hierarchy  allows  each  SBL  battle  station  to  handle  a  large  number  of  targets  very  efficiently.  In  ciddition 
to  the  senors  and  illuminators  described  above,  in  the  far -term  such  responses  as  rotating  boosters  have  been 
postulated  causing  the  need  for  yet  another  illuminator /sensor  combination  -  -  a  carbon  dioxide  laser  radar 
(LADAR) .  The  lADAR  is  useful  in  determining  the  direction  of  rotation  of  the  booster,  and  has  an  excellent 
capability  to  perform  damage  assessment  in  the  boost  and  post-boost  phases,  and  to  aid  in  the  discrimination 
process  in  the  midcourse  phase  of  the  battle. 

The  ability  to  retarget  rapidly  from  one  target  to  the  next  is  a  stringent  requirement  for  any  DEW 
system.  As  in  the  case  of  ATP,  retargeting  is  accomplished  according  to  a  hierarchy  based  upon  the  angular 
distance  between  targets.  Almost  all  SBL  concepts  have  gc*ie  to  a  three  element  telescope  design  in  order  to 
allow  very  rapid  retargeting  within  the  field  of  view  of  the  telescope.  This  three  element  design  allows 
approximately  +/-  10  milliradians  retargeting  through  optical  steering,  which  utilizes  a  small  (appx  30  cm) 
mirror  with  a  high  bandwidth  to  move  the  beam  within  the  field  of  view.  At  the  next  level  within  the 
retargeting  hierarchy,  the  beam  expander  is  used  to  retarget  within  a  range  of  +/“  5  degrees.  This  is 
accomplished  via  a  gimbal  between  the  main  body  of  the  spacecraft  and  the  beam  ejqpander.  At  the  final  level, 
the  spacecraft  itself  is  slewed  to  acconmodate  very  large  retargeting  angles.  Typical  parameters  for  the 
spacecraft  slew  are  an  acceleration  of  3  deg/sec2  and  a  velocity  of  6  deg/sec.  To  further  reduce  the  retarget 
time,  the  spacecraft  and  beam  ej^ander  can  be  kept  in  a  continual  (during  engaganents)  predictive  slew 
pattern,  such  as  the  "sheepdog"  in  which  the  engagements  are  acccxnplished  around  the  perimeter  of  an  assigned 
group  of  targets. 

Combining  beams  coherently,  which  is  a  major  growth  option  for  space  based  HF  chemical  lasers  has  not  as 
yet  been  demonstrated  at  high  power.  However,  great  confidence  has  been  gained  in  the  ability  to  accurately 
ncdel  the  outcome  of  scaling  to  high  power  levels  based  upon  subscale  experiments  using  conventional  Master 
Oscillator /Power  Anplifier  (MOPA)  technology  and  advanced  non-linear  optical  techniques  (Figures  5  &  6) . 
Such  small  scale  experiments  have  been  successfully  conducted  at  txjth  government  and  contractor  facilities. 
Thus,  there  is  great  confidence  that  this  exciting  new  technology  could  be  available  for  future  generations 
of  space  based  HF  chemical  lasers  when  the  higher  power  levels  (and  higher  brightness)  would  be  required  to 
defeat  the  responsive  threat. 

In  the  course  of  these  major  technology  programs,  much  has  tseen  learned  about  what  it  will  actually  take 
to  manufacture  and  deploy  a  space  based  chemical  laser.  In  fact,  these  programs,  along  with  a  multitude  of 
supporting  technology  ("tech  base")  programs,  have  substantially  increased  optimism  as  to  the  difficulty  and 
time  required  to  produce  a  space  based  chemical  laser  system  capable  of  acconplishing  vital  neat-term 
functions  for  the  SDl.  One  example  is  the  fabrication  of  large  mirrors  for  a  space  based  chemical  laser 
system.  As  recently  as  5  years  ago  projections  as  to  how  long  it  would  take  to  build  enough  mirrors  for  even 
a  ncdest  SBL  constellation  were  very  pessimistic.  Today,  with  the  ej^Jerience  gained  in  the  LAMP  program, 
projections  are  feir  more  optimistic,  and  are  to  the  point  that  by  merely  applying  "brute  force",  that  is 
replicating  existing  optical  fabrication  processes,  a  production  rate  of  at  least  several  complete  optical 
systems  per  month  can  be  attained  with  an  investment  in  facilities  of  less  than  1%  of  the  total  system  cost. 

SURVIVABILITY; 

Functional  survivability  of  a  space  (or  a  ground)  based  BMD  system  is  critical.  This  is  not  to  say,  however, 
that  any  given  single  component  can  or  must  bo  able  to  be  absolutely  defendable  against  all  possible  threats. 
By  the  very  nature  of  military  warfare,  the  appearance  of  particular  weapon  and/or  sensor  systems  liave 
historically  elicited  a  response,  or  counter-measure,  from  the  opposing  side.  A  strategic  defense  system 
will  be  no  exception.  Seme  of  the  pertinent  questions  in  this  chain  of  measure,  countermeasure, 
counter -countermeasure,  etc  are; 

A.  What  is  the  effectiveness  of  a  particular  countermeasure  against  the  entire  BMD  system?  Does 
degrading  effectiveness  against  one  element  of  the  defense  actually  enhance  the  effectiveness  of 
others? 

B.  What  is  the  cost  of  implementing  the  countermeasure?  What  is  the  relative  cost-effectiveness  to  the 
offense  of  various  countermeasures?  Would  it  eictually  be  more  cost  effective  to  proliferate 
offense  rather  than  pursue  countermeasures? 

C.  What  is  the  likelihood  that  the  offensive  countermeasures  can  be  easily  and  cost  effectively 
circumvented  by  the  defense  (counter -countermeasures)? 

D.  Hew  much  faith  does  the  offense  have  that  they  actually  understand  the  details  of  how  the  defense 
works,  to  the  extent  that  they  can  accurately  assess  the  effectiveness  of  postulated 
countermeasures? 

E.  Are  various  countermeasures  in  consonance  with  offensive  dogma,  strategy,  and  political  thinking? 
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In  cddition  to  these  questions,  perhaps  the  most  critical  of  all  is  "When  can  the  offense  have  particular 
countermeasures  in  place?"  This  question  is  especially  relevant  to  the  issue  of  survivability  of  a  defensive 
system  during  an  early  deployment.  One  fact  should  be  kept  in  mind  when  considering  the  vulnerability  of  an 
ABM  system  which  contains  one  or  more  boost  phase  conponents;  the  system  is  designed  to  intercept  the  most 
likely  adversary  response  to  the  presence  of  an  ABM  system  in  the  near-term  -  -  direct  ascent  ASATs.  In 
addition,  the  initial  deployment  of  the  space  components  could  be  into  orbits  that  are  relatively 
inaccessible  to  direct  ascent  ASATs  and  totally  inaccessible  to  an  adversary's  GBL  ASAT  system.  Later  they 
can  be  changed  to  more  optimum  operational  orbits. 

Specifically,  for  a  Space  Based  Laser  system,  several  factors  must  be  enphasized.  During  quiescent 
states,  the  space  platform  is  "buttoned  up",  that  is,  there  are  doors  and  covers  in  place  to  protect  not  only 
the  optics,  but  the  entire  inside  of  the  spacecraft.  These  protect  the  SBL  from  small  particles  of  dust, 
meteorites,  and  an  entire  array  of  active  Sovi 't  countermeasures  that  might  be  applied  against  the  SBL 
platform.  During  operations  these  covers  are  retracted  and  stewed.  This  is  the  period  of  time  that  the 
spacecraft  is  the  most  vulnerable.  To  reduce  vulnerability,  the  beam  ejpander  (which  includes  the  large 
primary  mirror)  is  encased  in  a  lightweight  cylindrical  metal  baffle  that  limits  vulnerability  to  the 
direction  the  laser  beam  expander  is  pointing.  This  means  that  the  acceptance  angle  into  the  beam  expander 
across  the  expanse  of  space  is  extremely  small.  It  would  thus  be  very  difficult  for  an  attacker  to  direct, 
e.g.,  an  unguided  object  "down  the  barrel"  of  an  SBL. 

Hardening  to  x-rays  and  other  nuclear  detonation  products  is  a  greater  problem.  In  the  case  of  x-rays, 
the  cylindrical  baffle  described  above  is  also  very  effective,  since  it  takes  only  minimal  material  to  step 
the  penetration  of  x-rays  in  the  energy  spectrum  associated  with  a  nuclear  weapon.  To  successfully  defend 
against  unshielded  x-rays,  optical  coatings  must  be  designed  with  radiation  hardness  ("rad  hardness")  in 
mind.  Hardening  is  a  major  technology  area  being  investigated  for  all  SDIO  space  (and  ground)  optics. 
Programs  exist  to  investigate  hardening  of  materials  against  x-rays  and  lasers  operating  across  a  major 
portion  of  the  energy  spectrum,  as  well  as  against  electrons  and  other  particles.  Low  "Z"  materials  such  as 
beryllium  appear  to  have  excellent  properties  for  such  environments  and  are  being  investigated  in  depth  under 
SDIO  sponsorship. 

Tlie  degree  to  which  a  relatively  lew  to  modest  power  level  adversary  DEW  might  be  a  threat  to  an  SDI  BMD 
system  depends  on  many  eventualities.  First,  the  effectiveness  of  such  a  countermeasure  is  .critically 
dependent  upon  whether  the  adversary's  DEW  is  on  the  ground  or  in  space.  A  modest  brightness  (10^°w/sr)  SBL 
can,  in  principle,  threaten  almost  all  satellites  in  low  earth  orbit  over  a  relatively  short  (24  hours) 
period  of  time  as  its  orbit  passes  within  lethal  range  of  an  SDI  satellite.  Here,  special  long  distance 
keepout  ranges  could  be  established  and  used  in  conjunction  with  shielding  eind  an  effective  shootback  policy 
that  would  limit  the  extent  of  damage  caused  by  an  adversary's  SBL.  However,  the  SBL  ASAT  can  probably  be 
negated  easily  in  a  shorter  time  by  the  Space  Based  Interceptors  (SBIs)  that  are  also  part  of  the  SDI  BMD 
constellation.  In  addition,  the  policy  of  space  denial  for  such  adversary  systems  could  be  the  most 
effective  (and  cost-effective)  course  of  action,  albeit  one  with  significant  political  ramifications. 

An  adversary's  GBL  ASAT  presents  a  different  problem.  It  has  virtually  an  unlimited  magazine  and  can, 
over  a  longer  period  of  time,  address  all  satellites  that  overfly  its  location.  Furthermore,  a 
neutralization  attack  on  an  adversary's  GBL  could  be  difficult  and/or  provocative.  However,  many  obstacles 
must  be  overcame  before  a  GBL  system  becones  a  threat  to  the  SDI  constellation.  First,  a  ($L  ASAT  system 
without  space  assets  is  limited  to  attacking  assets  that  overfly  its  position.  Second,  since  SDI  assets  will 
be  hardened  against  low  level  laser  radiation,  the  C®L  ASAT  must  be  capable  of  substantial  correction  of  the 
extreme  degradation  of  high  energy  beam  through  divergence  caused  by  turbulence  and  nonlinear  effects  in  the 
atmosphere  in  order  to  threaten  the  SDI  system  at  all.  This  will  require  high  bandwidth  real-time 
measurements  of  phase  errors  introduced  by  atmospheric  turbulence  and  correction  of  the  outgoing  beam  phase 
front.  Practical  limitations  will  preclude  good  correction  beyond  about  45  degrees  of  zenith  under  the  best 
of  circumstances  .  Further,  active  counters  to  the  pointing  and  tracking  and  turbulence  measurentent  process 
by  the  asset  under  attack  are  possible.  In  the  longer  term,  when  a  more  robust  adversary's  GBL  ASAT  might  be 
available,  is  it  relatively  straight  forward  to  shield  space  assets  with  lightweight  ablators  that  can  cause 
orders  of  magnitude  increases  in  the  required  energy  deposited  by  the  GBL  ASAT,  thus  making  negation  of  the 
SDI  space  assets  extremely  costly  or  impractical. 

To  enhance  the  survivability  of  all  space  assets,  the  SDIO  is  devoting  major  resources  to  various 
technologies  that  will  make  it  more  difficult  for  the  offense  to  neutralize  BMD  components.  These  include; 
lightweight  physical  barrier  shielding  materials,  radiation  hardened  materials  and  optical  coatings,  hardened 
electronics  and  sensor  systems,  lightweight  ablative  shielding  materials,  applied  stealth  technologies,  etc. 
In  addition  to  these  technology  solutions  to  the  survivability  problem,  various  strategies  and  tactics  are 
being  developed  to  minimize  the  impact  of  some  of  the  counter-measures.  Examples  include;  the  establishment 
of  keepout  zones  around  weapons  and  sensors,  maneuvering  sp^>cecraft,  rules  of  engagement,  etc. 

In  sumneury,  survivability  is  recognized  as  ein  integral  part  of  the  SDI  BMD  system.  It  is  being  pursued 
vigorously  along  with  performance,  cost,  and  operational  issues  as  the  SDI  architectures  mature  fron  the 
conceptual  design  phase  to  the  prototype  phase  and  finally  to  the  deployment  phase. 

III.  CLOSING  OOMENTS 

In  closing,  it  is  clear  that  the  technologies  required  for  a  near  term  space  based  chemical  laser  system 
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are  anong  the  most  mature  of  all  of  the  DEW  candidates.  In  studies  that  have  been  conducted  by  the  SDIO  and 
others.  Space  Based  Chemical  Lasers,  based  ipon  only  modest  technology  projections  that  involve  engineering 
rather  than  physics  issues,  appear  to  be  one  of  (if  not  the  most)  attractive  DEW  concepts  for  the  SDIO's  BMD 
mission.  The  requirements  for  a  militarily  useful  system  utilizing  these  technologies  in  the  SDI  roles  of 
boost  piiase  killer  and  midcourse  discriminator  appear  to  be  within  reach  of  a  system  that  could  be  fielded  in 
the  mid-to-late  1990's.  In  addition,  technologies  have  been  demonstrated  at  small  scale  that  could  allcw  the 
direct  scaling  of  these  near  term  systems  to  systems  of  very  robust  capabilities  for  the  longer  term  with  no 
hardware  obsolescence. 
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BEAM  CONTROL  FOR  LARGE 
SINGLE  APERTURE  SBL 


EXPERIMENTAL  MEASUREMENT 
OF  FAR  FIELD  INTENSITY  PATTERN 


Figure  4  -  Large  Optics  Demonstration  Experiment  (LODE) 
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Figure  6  -  HF  Chemical  Laser  Master  Oscillator/Power  Amplifier  (MOPA)  Experimental 


Phase  Conjugate  Beam  Combination:  YHXw 

Now  Demonstrated  For  HF  Chemical  Lasers 
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Figure  7  -  High  Power  Phase  Conjugation  of  HF  Chemical  Lasers 


SHORT-WAVELENGTH  LASER  DEVELOPMENT 


J.  M.  Herbelin 

Aerophysics  Laboratory,  The  Aerospace  Corporation,  P.O.  Box  92957,  Los  Angeles,  CA  90009 


A  subsonic  laminar  riamesheet  facility  has  been  developed  for  studying  the  reactive 
flow  between  electronically  excited  nitrogen  fluoride,  NF(a),  and  ground-state  bismuth. 
Initial  measurements  are  reported  and  are  shown  to  agree  qualitatively  with  a  simplified 
flamesheet  model. 


Introduction 


Since  its  discovery,  the  reactive  flow  formed  by  mixing  ground-state  atomic  bismuth 
with  electronically  excited  bismuth  has  been  the  subject  of  numerous  investigations  into 
its  potential  as  the  power  source  for  a  continuous-wave  (cw)  visible  chemical  laser 
system. The  major  accomplishments  of  those  studies  can  be  summarized  as  follows: 
Theoretical  and  experimental  confirmation  of  fast  and  efficient  excitation  of  bismuth 
fluoride,  BIF(A);  experimental  confirmation  that  BiF{A)  has  a  radiative  lifetime  of  an 
appropriate  magnitude  for  continuous  operation;  measurement  of  slow,  electronic  quenching 
of  the  excited  state,  BiF(A):  measurement  of  fast  vibrational  relaxation  rates  for  that 
excited  state;  evidence  of  bismuth-atom  recycling  in  low-density  flows;  demonstrated 
scalability  of  excited-state  BiF(A)  through  electrical  initiation  of  a  premixed  combustive 
mixture  using  TMB  ( trimethylbismuthine)  as  the  bismuth  source;  and  demonstrated  scala¬ 
bility  of  excited-state  B1(D),  the  precursor  to  BiF(A),  in  a  supersonic  flow. 

Each  of  the  above  accomplishments  represents  a  solid  step  toward  the  eventual  demon¬ 
stration  of  a  chemical  blue-green  laser;  however,  three  important  questions  must  be 
answered  before  feasibility  and  efficiency  of  a  continuous-wave  laser  system  based  on  the 
BIF  molecule  can  be  determined: 

1.  Does  the  BiF(A)  excited-state  density  scale  in  a  cw  mixing  flame  in  a  predictable 
manner? 

2.  Is  the  recycling  process  of  bismuth  atoms  via  the  reaction  of  BiF(X)  with  hydrogen 
atoms?  and  if  so.  Is  it  effective  in  the  high-density  conditions  required  for  laser 
action? 

3.  Finally,  Is  the  relaxation  of  the  lower  levels,  the  vibrational  states  of  the 
ground  state,  BiF(X),  as  rapid  as  was  observed  for  the  excited  state? 

In  this  paper,  we  report  our  initial  efforts  toward  answering  these  critical  questions. 

Experimental  Approach 


To  answer  1.,  the  scalability  question,  it  is  necessary  to  study  the  interplay  of  the 
chemistry  and  fluid  dynamics  in  a  simple  flamesheet.  Consequently,  we  selected  an 
experimental  approach  that  relies  on  (1)  independent  control  of  the  starting  reagents,  and 
(2)  the  ability  to  completely  characterize  important  NF(a  A),  Bi(D),  and  BiF(A)  density 
profiles  within  the  flame.  For  these  purposes,  we  designed  and  built  a  specialized  sub¬ 
sonic  flow  facility.  A  close-up  of  the  reactor  section  is  presented  in  Fig.  1 . 


In  the  reactor,  the  reagents  are  controlled  as  follows.  Into  a  stream  of  fluorine 
atoms,  F,  and  difluoroamine  radicals,  NF2.  which  are  flowing  from  right  to  left  in  the 
upper  section,  molecular  hydrogen,  H2,  is  introduced  so  that  the  desired  NF(a  A)  is 
prepared  according  to  the  following  reactions: 


1 

F  +  H^  — 1- 

HF  + 

H 

(1  ) 

H  +  NF^ 

HF  + 

NF(a^ A) 

(2) 
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MOVABLE  TEFLON 


Fig.  1.  Side  view  of  reaction  section  of  the  fast-flow  facility.  Electronically  excited 
NF(a'A)  (upper)  is  mixed  with  bismuth  atoms  (lower)  in  a  carefully  controlled 
laminar  flamesheet  to  produce  BiF(A). 

In  the  lower  section,  a  stream  of  helium  is  passed  over  a  specially  designed  bismuth 
boiler  to  produce  a  uniform  stream  of  bismuth  atoms.  The  two  flows  are  then  carefully 
joined  to  form  a  flat,  laminar  flamesheet  in  which  the  following  reactions  are  believed  to 
proceed  to  produce  a  brilliant  blue  flame; 


NF(a^A)  +  Bi 

NF  +  Bi(D) 

(3) 

NF(a^A)  +  Bi(D) 

N  ♦  BiF(A) 

(4) 

BiF( A) 

BiF(X)  +  hv  (blue) 

(5) 

The  experimental  setup  to  operate  and  characterize  this  reactor  is  depicted  schemati¬ 
cally  in  Fig.  2.  The  reactor  is  located  in  the  center  and  is  operated  by  a  flow  console, 
which  includes  a  flow-system  computer  to  monitor  16  channels  of  data:  the  flow  rates, 
four  temperatures,  pressure,  heater  power,  and  spectrometer  signals.  The  data  are 
recorded  and  stored  automatically  for  posttest  analysis. 

To  obtain  the  emission  spectra,  such  as  the  BiF(A-X)  spectrum  shown  in  Fig.  3,  we  con¬ 
structed  and  carefully  calibrated  a  computer-controlled  spectrometer,  which  is  located  to 
the  right  in  Fig.  2.  The  spectrometer  is  preprogrammed  to  record  the  desired  spectra  in  a 
minimum  of  run  time,  because  the  bismuth  heater  has  a  limited  operating  time  at  full-scale 
flow  rates. 

In  addition  to  the  blue  BiF(A)  emission  spectrum,  emissions  from  the  excited  states  of 
NF(a'A),  Bi(D),  HF(3),  and  N2(B)  are  recorded.  Figure  3  displays  a  close-up  of  a  portion 
of  the  BiF  experimental  (dotted)  and  simulated  (solid)  spectra  used  to  determine  the 
rotational  and  vibrational  temperatures  of  the  molecule.  The  relative  widths  of  the  bands 

are  quite  sensitive  to  the  rotational  temperature,  which  here  is  600  ±  50°C.  The  relative 

heights  of  the  band  peaks  fit  a  Boltzmann  distribution  at  a  slightly  elevated  temperature 
of  825  ±  50“C.  As  expected,  the  vibrational  distribution  is  quite  sensitive  to  total 
pressure,  and  at  pressures  below  H  Torr  it  no  longer  obeys  a  Boltzmann  distribution.  The 

spectrum  of  Fig.  3  was  measured  at  a  total  pressure  of  6  Torr. 

For  this  first  series  of  experiments,  the  optical  train  of  the  spectrometer  was 
designed  to  scan  its  axis  along  the  flow  to  record  the  integrated  intensity  as  a  function 
of  the  flow  distance.  To  obtain  the  detailed  density  profiles  of  the  species  across  the 
flamesheet,  we  employed  an  optical  multichannel  analyzer  (OMA)  mounted  on  a  0 . 2M-m 
Jarrell-Ash  (J-A)  spectrometer  at  a  90°  rotation  to  the  conventional  position.  Because  of 
the  excellent  response  of  the  OMA  in  the  blue,  the  spectrometer  can  be  operated  with  an^ 
aperture  of  less  than  1  mm  and  thereby  achieve  a  spatial  resolution  of  -100  pm  for  the 
BiF(A)  profile. 
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1/2  m  (J  A)  SP£C 


Fig.  2.  Schematic  of  computerized  flow-facility  diagnostics,  consisting  of  flow 

console/computer  system  (upper  left);  an  automated  spectrum-analyzing  system 
(right):  and  OMA/TV  flamesheet  profile  acquisition  system  (lower  left). 


WAVELENGTH  (A) 

Fig.  3.  Comparison  of  high-resolution  experimental  (dotted)  and  simulated  (solid)  spectra 
of  the  BiF(A-X)  (0-2)  band  system  from  which  the  vibrational  and  rotational 
temperatures  were  deduced  to  be  825  ±  50'’C  and  600  ±  50°C,  respectively. 
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Results  and  Discussion 


Figures  4a  and  4b  present  the  transverse  flamesheet  profiles  for  Bi(D),  BiF(A),  and 
NF(a'A)  for  hydrogen-atom-lean  and  hydrogen-atom-rich  conditions,  respecti yely .  The 
profiles  have  been  normalized  for  ease  of  comparison.  The  BiF(A)  and  NF(a  A)  profiles 
were  obtained  directly  from  the  OMA,  whereas  the  Bi{D)  profile  was  deduced  from  those  two 
profiles,  :;sing  the  simple  expression 

[Bi(D)]  =  A[BiF(A) ]/k^[NF(a^ A) ]  (6) 

in  which  the  Einstein  coefficient,  A,  and  rate  coefficient,  k^,  are  known  constants. 

(This  simple  expression  follows  directly  from  the  solution  of  the  mass-transport-reaction 
equations  by  applying  the  usual  steady-state  approximation.) 
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Fig.  4.  High-resolution  transverse  flamesheet  density  profiles  for  the  Bi(D),  BiF(A),  and 
NF(a^A)  excited  states:  (a)  experimental,  hydrogen-atom-lean  conditions;  (b) 
experimental,  hydrogen-atom-rich  conditions;  (c)  theoretical,  hydrogen-atom  lean; 
and  (d)  theoretical,  hydrogen-atom  rich.  The  extra  width  of  the  Bi(D)  profile 
suggests  bismuth-atom  regeneration  via  reactions  of  hydrogen  atoms  with  BiF(X). 

Figures  4c  and  4d  present  the  results  of  a  simplified  flamesheet  analysis  we  developed 
for  the  purpose  of  guiding  the  experiments.  For  comparison.  Figs.  4a  and  4c  are  the 
experimental  and  computed  flame  profiles  for  conditions  that  have  been  purposely  adjusted 
to  produce  a  deficiency  in  hydrogen  atoms.  Under  those  conditions,  the  Bi(D)  profile  is 
observed  to  be  quite  narrow,  owing  to  the  consumption  of  the  bismuth  atoms  as  they  diffuse 
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into  the  NF(a)  stream.  However,  when  the  conditions  are  changed  to  ensure  the  presence  of 
hydrogen  atoms,  Figs.  4b  and  4d,  the  Bi(D)  profile  is  observed  to  increase  in  width  and  to 
actually  display  a  hump.  The  computed  curve  suggests  that  this  hump  can  be  attributed  to 
the  regeneration  of  bismuth  atoms  via  the  reaction 

H  +  BiF  — ►  HF  +  Bi(S)  (7) 

But  we  must  reemphasize  that  the  Bi(D)  distributions  of  Figs.  4a  and  4b  are  deduced,  not 
measured.  A  direct  measurement  of  the  Bi(D)  state  remains  to  be  done. 

Because  of  weight  and  mixing  considerations,  bismuth-atom  regeneration  within  the 
flamesheet  is  absolutely  essential  to  the  efficient  operation  of  a  cw  laser  system.  The 
results  give  evidence  of  that  regeneration. 

Although  the  data  are  only  preliminary,  the  results  thus  far  obtained  are  encouraging. 
Obviously,  a  great  deal  of  work  lies  ahead  to  refine  both  the  experimental  measurements 
and  the  modeling  results  before  the  remaining  questions  can  be  answered  completely. 
Nevertheless,  the  prospects  of  a  cw  chemical  visible  laser  based  on  the  NF(a)-BiF  reaction 
system  continue  to  be  promising. 
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HIGHLY  EFFICIENT  CHEMICAIXY  PUMPED  OXYGEN  IODINE  LASER 


S.  Yoshida,  H.  Fuji!  ,  S.  Amano.  M.  Endoh,  T.  Sawar.o,  T.  Fujioka 

Laser  Laboiatorj,  industrial  Kuseaii,  li  iiiSliluLt. 

1201  Takada,  Kashiwa,  Chiba  277,  Japan 


AhiiixacJ. 

A  chemically  pumped  oxygen  iodine  laser  has  been  developed  with  industrial  application 
of  the  laser  in  mind.  The  system  has  been  operated  employing  35  wt%  hydrogen  peroxide 
rather  than  commonly  used  90  wtX  solution.  La.ser  power  as  high  as  270  W  has  been  extracted. 
The  maximum  overall  efficiency  of  40%,  which  is  almost  twice  as  large  as  the  previously 
reported  best  data,  has  been  achieved.  Typical  experimental  data  are  analyzed  in  det.ails. 
It  ha.s  been  shown  that  the  performance  of  singlet  oxygen  generator  is  a  key  issue  of  the 
entire  system.  Using  the  present  system,  we  have  also  performed  a  preliminary  experiment  of 
material  processing.  A  steel  plate  of  1-mm  thick  has  successfully  been  drilled. 


Inixrxduttiinia 

The  chemically  pumped  oxygen  iodine  laser  (COIL')  is  a  powerful  and  efficient  radiation 
source  in  the  near  infrared  region.  Among  the  currently  available  chemical  lasers,  the 
COIL  is  the  only  laser  that  utilizes  an  (Heclronit  transition  of  jasing  medium.  The  lasing 
action  of  this  laser  may  be  represented  by  the  following  reaction  . 

H2O2  +  2NaOH  +  CI2  -»  02*'  '^’  ^^*2*^2  2\'aCI  (1) 

+  I<P3/2>  ^  '-'’1/2^ 

"P1/2'  -*  '3) 

The  first  reaction  is  an  energy  extraction  process  in  which  the  chemical  energy 
originally  contained  in  hydrogen  peroxide  is  stored  in  the  excited  state  oxygen  (singlet 
oxygen).  The  hydrogen  peroxide  solution  should  be  alkalized  so  as  to  achieve  realistic 
reaction  rate.  The  second  reaction  is  an  energy  transfer  process  to  generate  the  excited 
state  iodine  atom  which  is  the  tipper  laser  level.  Since  this  is  a  reversible  reaction,  the 
ratio  of  the  concentration  of  excited  state  oxygen  to  that  of  ground  state  oxygen  must  be 
sufficiently  high  in  order  to  obtain  high  degree  of  population  inversion  in  iodine  atoms. 
The  excited  state  iodine  then  Icses  according  to  reaction  (3)  and  generates  optical  output 
at  1.315  microns  in  wavelength. 

The  operating  wavelength  of  COIL,  1.315  microns,  lies  in  the  minimum  loss  range  of 
silica  fibers  as  shown  in  Figure  1.  Therefore  it  is  feasible  to  transmit  high  cw  output  ol 
a  COIL  system  through  optical  fibers  with  high  transmission  efficiency.  'Fhe  optical  power 
delivery  through  fibers  offers  many  advanced  technologies  such  as  three  dimensional 
processing  or  remote  processing  of  various  materials. 

Besides  the  advantage  of  fiber  t r a n sm i s s i o n,  the  COIL  wavelength  is  also  attractive  from 
the  view  point  of  1  a s e r “ma t e r i a  1  interaction.  Figure  2  shows  the  reflectivities  of  various 
metals  as  a  function  of  wavelength.  As  is  seen  in  this  figure,  the  reflectivity  at  1.315 
microns  is  much  less  than  at  ihe  wavelength  of  CO„  laser,  the  most  commonly  used  industri.il 
laser.  Combining  this  effect  with  the  better  Tocusibility  associated  with  the  shorter 
wavelength,  a  COll..  system  may  be  expected  more  power  effective  than  a  CO2  laser  system  of 
the  same  power  level.  In  terms  of  medical  applications,  there  are  also  some  new  exciting 
applications  of  the  1.3  m i c r 0 n- r ad i a t i o n  such  as  tissue  fusion. 

In  spite  of  these  fascinating  properties,  nobody  has  tried  to  apply  this  laser  to 
industrial  applications  probably  because  of  some  technical  difficulties.  This  situation 
motivated  us  to  develop  a  stable  COIL  device  with  its  industrial  applications  in  mind. 
Thus  we  have  dared  to  start  a  fairly  long  term  project  in  which  we  attempt  to  develop  a  kW- 
class  coil  system  of  reasonable  operation  duration. 

As  far  as  industrial  applications  are  concerned.  the  efficiency  of  the  total  system 
becomes  one  of  the  most  significant  parameters  because  it  is  related  to  the  dimension  and 
operation  cost  of  the  system.  In  the  case  of  a  COIL,  experimentally  achieved  efficiencies 

♦Present  address.  Op t 0 -Fn g i n e e r i ng  Laboratory,  Technical  Institute,  Kawasaki  Heavy 
Industries,  ltd.  Kobe,  .Japan 
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are  still  far  below  the  theoretically  predicted  limit  for  the  time  being.  Therefore  we 
focus  our  primary  effort  on  this  subject,  as  the  initial  stage  of  the  project,  and  have 
developed  a  highly  efficient  COIL  system  of  a  reasonable  output  range.  The  key  to  achieve 
high  overall  efficiency  of  a  COIL  system  is  to  develop  an  efficient  SOG  (singlet  oxygen 
generator),  one  which  is  efficient  in  that  the  ratio  of  the  concentration  of  excited  oxygen 
to  that  of  ground  state  oxygen  is  high.  In  fact,  in  our  case,  the  performance  of  the  SOG 
almost  governs  the  efficiency  of  the  entire  system  as  wil'  be  discussed  later  in  this 
paper.  The  reason  for  this  is  obvious  if  one  recalls  that  the  energy  transfer  reaction  (2) 
is  a  reversible  process  so  that  the  ratio  of  excited  oxygen  to  ground  state  oxygen  is 
important. 

It  should  be  noted  that  the  operation  cost  is  strongly  dependent  on  the  concentration  of 
hydrogen  peroxide  used  for  the  excited  oxygen  generation.  A  solution  of  35  wt%,  for 
example,  is  more  cost  effective  than  the  commonly  used  90  wt%  solution  by  the  factor  of  5. 
Thus  we  employed  35  wt%  solution  in  our  system.  The  only  problem  associated  with  employing 
such  a  dilute  solution  is  that  it  generates  more  water  vapor  which  quenches  the  excited 
state  iodine  and  oxygen.  We  have  solved  this  problem  by  designing  the  SOG  and  WVTCwater 
vapor  trap)  properly. 


L'xpe£imenial 

The  schematic  view  of  the  present  system  is  depicted  in  Figure  3.  Excited  oxygen  i  .s 
generated  in  a  sparger  type  SOG  in  which  CI2  gas  is  introduced  into  the  alkaline  hydrogen 
peroxide  solution  through  8-mm-d i :  1.  teflon  tubes.  The  WVT  consists  of  five  3G-mm-i.  d. , 
1200-mm  long  straight  glass  tubes  arranged  in  parallel.  The  glass  tubes  are  immersed  in 
ethanol  which  is  cooled  to  dry  ice  temperature.  The  laser  duct,  made  of  poli- 
vinylchloride,  is  35-cm  wide  and  2  cm  high.  ine  iodine  injector  is  a  !/4-inch-diam.  copper 
tube  placed  horizontally  in  the  laser  duct.  Holes  of  0.  5-mm-d i am.  are  drilled  on  the 
aownstream-side  of  the  injector  so  that  iodine  vapor  may  spout  out  into  the  active  region. 
The  iodine  ^..oritainer  is  heated  up  to  70  deg.  by  an  electric  heater.  Nitrogen  gas  was  used 
to  carry  iodine  vapor  in  the  container  to  the  iodine  injector.  A  rare  gas  is  usually  used 
for  this  purpose  because  the  quenching  rate  of  excited  iodine  is  low,  but  we  employed 
nitrogen  for  an  economical  reason.  We  compared  nitrogen  with  argon  but  did  not  see  any 
difference  with  respect  to  the  quenching  problem.  The  optical  cavity  of  a  5-m  curvature 
total  reflector  and  a  flat  partial  reflector.  The  cavity  length  is  GO  cm.  The  center  of  the 
optical  pass  is  about  1.5  cm  down  stream  of  the  iodine  injection  point.  The  effective 
pumping  speed  in  the  laser  duct  is  about  80  1/s  which  is  equivalent  to  flow  speed  of  10  m/s 
in  the  active  region. 

9000  cc  35  wt%  hydrogen  peroxide  and  1000  cc  NaOH  solution  was  initially  introduced  to 
the  SOG.  Before  starting  Cl„  bubbling,  the  solution  was  cooled  down  to  253  K  by  bubbling 
nitrogen  which  encouraged  wafer  evaporation  and  thereby  decreased  the  solution  temperature 
by  removing  the  latent  heat.  During  operation  the  solution  temperature  rose  because  of  the 
reaction  heat  and  reached  equilibrium  at  around  2G3  K.  Our  preliminary  experiment  has  shown 
that  such  a  temperature  rise  does  not  affect  system  performance.  When  the  alkalinity  in  the 
SOG  fell  down,  the  same  amount  of  NaOH  solution  was  added  so  that  the  pH  value  of  the 
solution  might  be  kept  over  10.  Excessive  NaOH  addition  at  one  time  caused  eduction  of 
NaOH  crystals.  This  was  not  observed  when  90  wt%  hydrogen  peroxide  was  used.  The  solution 
temperature  rose  above  273  K  when  alkali  was  added,  but  the  initial  temperature  was  easily 
restored  by  nitrogen  bubbling.  The  temperature  recovery  time  in  the  case  of  35  wt% 
hydrogen  peroxide  was  about  half  of  that  of  90  wt%  hydrogen  peroxide  owing  to  higher 
pressure  of  saturated  water  vapor. 


B^sulXs  and  dxanuasXan 

The  COIL  system  has  been  operated  many  time  with  various  operational  conditions. 
Controlled  parameters  include  the  pumping  speed,  iodine  carrier  gas  flow  rate,  gas  flow 
velocity  in  the  active  region,  total  reflectivity  of  the  cavity,  distance  between  the 
iodine  injector  and  the  optical  axis  of  the  cavity,  etc.  The  discussion  here  focuses  on 
one  specific  run  with  a  set  of  parameters  listed  in  Table  1.  This  parameter  set  is  not 
optimized  in  terms  of  the  flow  velocity  and  the  reflectivity  of  partial  reflector.  We  need 
more  experiments  to  optimize  these  parameters. 

To  discuss  the  present  experimental  results  we  introduce  several  efficiencies  defined  by 
following  expressions; 


'^02'^'^C12 


ri 

e  xc 


(4) 

(5) 


224 


V 


-  ^  i 


(6) 


(7) 

(8) 


whprp  ^~2'  '^C12’  '*^0'^*  flow  rates  of  total  oxygen,  singlet  oxygen,  and  input  chlorine, 
respectively,  expressed  in  mol/s,  Eq2  's  energy  stored  in  1  mol  singlet  oxygen,  and  P,  is 
laser  power.  We  call  ^  reaction  efficiency,  H  excitation  efficiency,  7]  ,  extraction 
efficiency,  ^ chemical  efficiency  and  7 ^  overall  efficiency.  The  reaction  efficiency 
represents  how'^e??icient!y  oxygen  is  generated.  The  excitation  efficiency  is  the  ratio  of 
excited  oxygen  concentration  to  ground  state  oxygen.  The  extraction  gfficiency  represents 
the  efficiency  of  optical  power  extraction  from  the  excited  iodine.  which  appears  in 
the  denominator  of  this  expression  denotes  the  minimum  excitation  efficiency  required  to 
obtain  population  inversion.  The  extraction  efficiency  is  related  to  the  efficiency  of 
singlet  0 xy ge n/ i 0 d i ne  mixing  in  the  active  region.  The  chemical  efficiency  is  the  ratio  of 
laser  power  to  the  energy  consumption  rate  of  hydrogen  peroxide  whereas  the  overall 
efficiency  is  the  ratio  of  laser  power  to  the  maximum  energy  consumption  rate  of  hydrogen 
peroxide  expected  from  the  input  Cl^  flow.  The  overall  efficiency  becomes  equal  to  the 
chemical  efficiency  if  the  reaction  efficiency  is  unity.  The  overall  efficiency  can  be 
expressed  by  other  efficiencies  as 


n  =  'I  V  , 

0 V  r  c  hem 


S  (3?  -7|  ) 

r  e  xc  e  xc 


(9) 


As  we  already  pointed  out  the  performance  of  SOG  is  a  key  issue  of  a  COIL  system.  The 
most  significant  parameter  of  a  SOG  is  the  excitation  efficiency  defined  by  eq.  (5).  We 
evaluated  this  efficiency  as  the  ratio  of  singlet  oxygen  pressure  to  total  oxygen  pressure 
in  the  cavity.  Singlet  oxygen  pressure  was  measured  by  a  Ge  detector  which  monitored  the 
1.27-micron  emissio,.  Since  direct  measurement  of  total  oxygen  pressure  is  difficult,  we 
nieasu''ed  input  CI2  flow  rate  and  total  volume  flow  rate  in  the  cavity,  instead,  and 
calculated  theoretical  oxygen  pressure  using  the  Boy  I e-Cha r 1 e s  law  with  the  assumption  that 
the  reaction  efficiency  f  See  eq.  (4)1  was  100%. 


Excitation  efficiency  obtained  in  the  present  work  is  plotted  as  a  function  of  flow 
rate  in  Figure  4.  The  data  are  fairly  good  as  compared  with  previous  data  shown  in  Table  2. 
The  dotted  line  in  Figure  4  is  a  theoretical  calculation  which  takes  only  homogeneous 
quenching  of  singlet  oxygen  into  account  as  deactivation  processes.  It  shows  fa  ly  good 
agreement  with  the  experiment  indicating  that  only  homogeneous  quenching  is  important  as 
loss  mechanism  of  singlet  oxygen.  The  discrepancy  between  the  experiment  and  theory  at 
higher  CI2  flow  can  be  ascribed  to  poor  reaction  efficiency.  In  fact  our  preliminary 
experiments  imply  that  reaction  efficiency  of  the  present  SOG  becomes  slightly  less  than 
unity  for  CI2  flow  rate  over  400  mmol/min. 

Laser  power  and  overall  efficiency  are  also  plotted  as  a  function  of  Cl„  flow  rate  in 
Figure  5.  It  is  seen  that  as  Cl„  flow  rate  increases  the  laser  power  saturates  and  thereby 
the  overall  efficiency  dec  reaTeST  We  ascribe  this  tendency  to  the  dependence  of  excitation 
efficiency  on  CI2  flow  rate  f  see  Figure  4  1.  To  clarify  this,  the  overall  efficiency  data 
are  plotted  as  a  function  of  excitation  efficiency  in  Figure  G.  It  is  seen  that  the  overall 
efficiency  increases  in  proportion  to  the  excitation  efficiency.  This  implies  that  the 
performance  of  the  SOG  governs  that  of  the  entire  system.  It  should  be  noted  that  the  slope 
of  Figure  G  is  the  product  of  reaction  efficiency  and  excitation  efficiency  I  see  "q.  (9) 
1.  Assuming  that  the  reaction  efficiency  is  unity  and  that  the  minimum  excitation 
efficiency  required  for  the  population  inversion  is  25%,  as  Churassy  et  al.  point  out,  the 
extraction  efficiency  of  the  present  experiment  is  evaluated  about  55%. 


Although  the  maximum  laser  power  and  overall  efficiency  under  the  present  condition  are 
120  W  and  24.8%,  we  have  achieved  higher  power  and  efficiency  as  high  as  270  W  and  40%, 
respectively,  in  other  runs.  Details  of  these  results  will  be  discussed  elsewhere  in  near 
future.  Besides  system  analyses,  we  also  made  some  preliminary  experiments  on  material 
processing  using  the  present  system.  So  far  we  could  successfully  drill  a  I-mm  thick  steel 
plate  with  laser  power  of  GO  W.  Results  of  these  experiments  may  also  be  presented  in 
future. 


Having  industrial  applications  in  mind,  we  have  operated  a  COIL,  system  with  very  high 
overall  efficiency.  It  has  been  revealed  that  a  COIL  can  be  efficiently  operated  with 
dilute  hydrogen  peroxide  implying  that  relatively  high  concentration  of  water  vapor  cai.  be 
tolerated  in  the  active  region.  This  is  quite  favorable  from  industrial  point  of  view 
because  the  concentration  of  hydrogen  peroxide  is  a  dominating  factor  of  the  operation 
cost.  35  wt%  solution,  for  example,  is  five  times  more  cost  effective  than  commonly  used  90 
wt%  solution.  It  has  been  shown  that  the  performance  of  SOG  almost  dominates  that  of  the 
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entire  system.  In  fact,  the  overall  efficiency  of  the  presen'  system  was  almost 
proportional  to  the  excitation  efficiency.  Comparison  of  experiments  with  theory  suggests 
that  the  only  loss  mechanism  of  singlet  oxygen  to  be  taken  into  account  is  homogeneous 
deactivation.  This  makes  system  designing  much  easier.  Being  encouraged  by  the  present 
result,  we  plan  to  construct  a  system  of  higher  power. 
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Figure  1.  Transnission  characteristics  of  silica  fiber 
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PULSE  OPERATION  OP  A  CHEMICAL  03CYGEN  IODINE  LASER 
Basov  N.G. ,  Krytikov  P.G. ,  Paziiik  V«S.,  Vagin  N.P. ,  Yuryshev  N.N. 
P.N. Lebedev  Ptaysloal  Inst.,  USSR  Acad. Sol. ,  Moscow 


Different  methods  of  realizing  a  pulse  repetition  chemical  oxygen-iodine  laser (COIL) 
are  discussed.  Energy  oharaoterlstlcs  and  efficiency  of  such  a  laser  are  significantly 
improved  when  iodine  atoms  are  fastly  generated  in  the  volxune  filled  with  singlet  oxygen. 
The  pulse  photolysis  of  the  iodine  containing  species  can  be  used  for  this  purpose.  The 
scheme  for  obtaining  high  power  nanosecond  pulses  is  proposed.  It  consists  of  a  multipass 
ring  amplifier  and  a  second  harmonic  converter  for  extraction  of  output  pulse. 


CW  Chemical  Oxygen  Iodine  Laser  based  on  the  fast  energy  trazisfer  from  anpeleotronl- 
oally  excited  moleciile  atomic  iodine  resulting  in  lasing  on  the  I(5^P^^2) 

.  o  K.  1  n 


OgC-Z)  +  I(  Pi/2^ 


p 

1(5  Po/o)  transition  is  under  investigation  in  the  number  of  laboratories  now. The  attai¬ 
nable*’^  ^p  to  now  energy  characteristics  of  sueh  a  laser  are  rather  high:  output  power  - 
-  2  MW  (TRW,  USA),  specific  power  211  J/gr  Clg  (Kelo  Dnlv,  Japan).  The  COIL  may  be  placed 
among  other  types  of  powerful  chemical  lasersf  HP,  DP-COg. 

However,  the  COIL  has  a  number  of  advantages.  The  basic  advantage  is  a  shorter  wave¬ 
length  of  lasing,  1.315  urn.  This  enables  one  to  use  glass  and  quartz  optics  and  to  trans¬ 
port  the  laser  radiation  along  the  quairtz  fibers  with  small  losses.  Moreover,  since  the 
laser  operates  at  atomic  transition  under  low  pressure  here  arise  some  pecullal^tles  co¬ 
ming  from  a  narrow  generation  spectrum.  These  advantages  make  COIL  attractive  for  indu¬ 
stry  applications. 

The  future  of  such  a  laser  might  be  quite  promising  if  one  could  realize  pulse-repe- 
tltlon  with  high  energy  characteristic.  Thus,  the  problem  is  to  heighten  the  instant  power 
of  COIL  with  hl^  values  of  average  power  and  specific  energy  being  the  same.  In  this  work 
we  consider  different  ways  of  solving  this  problem.  Note  that  all  estimates  were  made  for 
the  ease  of  laser  operation  at  T«300  K. 

One  of  the  means  of  realization  of  a  piilse-perlodlc  operation  regime  for  gas-flow 
COIL  lasers  is  a  preliminary  mixing  of  singlet  oxygen  with  molecular  iodine  and  the  con¬ 
tinuous  pianping  of  this  mixture  throu^  the  cell,  ^en  the  cell  is  filled,  the  Q-swltehing 
takes  place  (in  case  of  an  oscillator)  or  an  initial  pulse  is  applied  (amplifier).  Besides 
the  pumping  processes  in  0n(  A  )+  I^  system  there  occiurs  the  relaxation  of  0o(  A  )  elec- 

▲  ^..^4  A..4.4  ^  V 


tron  exoitatlont 


02(‘'a  )  +  ^ 


^■1  •  10"  ^cm^/s.  . 

TMs  process  limits  typical  dimensions  of  the  active  medlm  alo^  the  flow  by  value  L  ■ 

•  /f'  ,,  where  V  is  the  flow  velocity,  and  ^  “^/KoClJ  is  choraoteri— 

stlc^Ime  of  the  process.  The  energy  E  stored^n  sucn  an  aeiive  medlum'^is: 

E  .  0j('4  )  •  s  •  K  hi  , 

where  S  is  the  flow  cross-seotlon,  and  /ij  is  the  energy  of  the  laser  radiation  quantum. 

The  time  of  the  stored  energy  release  is  determined  by  the  time  of  exoitatlon  transfer 
i.e.  1/K.  [l].  This  value  determines  either  Q-switched  pulse  dvuratlon,  or  the  necesseo^ 
duration’ of  the  amplified  pulse  at  amplification.  Thus,  the  pulsed  power  achievable  in 
this  case  1st  ,  r  i 

Ppulse  “  A  )]•  S  •  VK^/Kg. 

Taking  that  L  )JS  V  is  the  CW  limit  power  we  obtain  that  maximum  power  gain  is 

equal  to  X./Xo  or  ^7.7.10^.  In  fact,  this  gain  would  be  less,  because  in  order  to  achieve 
sufficient  hofwgenelty  of  the  medium  L  must  be  taken  less  than 

In  this  method  the  maximum  pulse  power  and  the  pulse  repetltlW'‘'frequenoy  are  direc¬ 
tly  related  to  CW  power,  and  the  pulse  power  can  hardly  be  increased  at  the  given  average 
power.  This  follows  from  the  fact  that  concentration  of  the  atomic  iodine  determines  both 
pulse  energy  E,  and  pulse  duration  7'i-ains*  does  not  affect  as  a  whole  the  value  of 
ptilsed  power.  As  a  favourable  oondltlonf^^e  that  either  E,  or  shoiald  be  inde¬ 

pendent  of  the  iodine  concentration.  Then  the  pulsed  power  might  be^inonased  with  chan¬ 
ging  of  the  iodl  se  concentration.  This  can  be  realised  with  respect  to  E,  not  ^loainir* 
Thus,  we  are  ready  to  accept  the  second  variant  of  realization  of  the  COIL  pulse '''Spsritl- 
on  regime. 

According  to  this  method,  the  laser  volume  must  be  filled  with  singlet  oxygen  in  ab- 
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sence  of  iodine*  Imroediately  after  filling  the  atomio  iodine  should  attain  the  neoessa27 
conoentratlon  uniformly  distributed  over  the  laser  volume*  This  oan  be  achieved  by  adddJ^ 
iodine-containing  substauoes  to  singlet  oxygen*  They  do  not  react  with  it  and  do  not  cau¬ 
se  its  desactlvatlon*  The  mixture  subjected  either  to  the  photolysis  or  e-beam  expansion 
yields  the  atomic  iodine* 

The  relaxation  of  excitation  in  this  case  is  determined  by: 


2*10"^’^  om^/o* 


)  +  02(1a) 


The  time  of  02(^^  )  decreasing  by  €  times  ist 


‘Trel  ■  ‘'•7/K3  (  02(^4  )j  initial* 


The  time  of  the  active  volume  filling,  in  the  firet  method,  is  determined  by  the  atomic 
iodine  concentration,  and  is  equal  to  «  1/Ko[lJ.  Since  COIL  is  characterized  by  the 

ratio  tlJ/fOoC  d  1Q”  .  the  time  of  filling.  In  the  second  method,  is  higher  by  a  fac¬ 
tor  of  1*7K2*li]/K3L02(  d  iT^  85*  Thus,  in  case  of  the  photolysis-produced  atomic  iodine  the 
volume  of  tne  active Medium  (hence,  the  stored  energy)  oan  be  increased  by  nearly  85  ti¬ 
mes,  as  compared  to  the  first  method*  Note,  that  the  optimal  relation  1  /  On  for  a  pul¬ 
se-repetition  operation  might  be  higher  than  that  for  the  continuous  operation,  and  the 
gain  of  the  hybrid  variant,  might  be  higher  as  well.  Since  the  pulse  duration  in  this  ca¬ 
se  is  1/  I  K.  too,  the  maximum  power  is  85  times  higher  as  well*  The  atomic  iodine  con¬ 
centration  cw  be  changed  when  the  active  volume  is  fixed.  As  a  result,  one  can  change 
the  pulse  duration  at  fixed  energy,  l.e*  the  pulse  power  might  be  changed  within  a  wide 
interval  at  fixed  average  power. 

The  proposed  method  makes  it  possible  to  increase  pressure  of  the  active  medium*  One 
can,  thus,  fulfill  the  necessary  condition  of  mixed  lasers  (time  of  mixing  is  less  than 
time  of  relaxation)  for  higher  pressures*  This  can  open  possibilities  for  other  methods 
of  singlet  oxygen  production  in  COIL,  as  for  example,  the  method  of  ozone  photolysis, 
which  needs  hi^tened  pressures* 

Unlike  the  first  method,  the  second  one  reguires  additional  soxm:es  of  energy  to  de¬ 
compose  iodine-containing  substances*  Let’s  evaluate  the  relation  of  energy  yielded  from 
the  active  medium  to  the  energy  spent  for  the  preparation  of  atomic  iodine*  The  specific 
energy  E*  yielded  from  the  active  mediiun  is  fOoC  ia,  )J  *  ?  >  where  ^  is  the  coefficient 
of  singlet  oxygen  energy  usage*  In  the  photodiSsociation  of  iodides  the  production  of  ato- 


Z  -oh  d  “  8®"^  ^^®  efficiency  can  be  increaseo  by  using  phctodlsso- 

ciatlon  sources  of  higher  efficiency*  Quite  attractive  are  so  called  excimer  KrP  (A*=249nm) 
and  Xel  (/\*253  nm)  flash-lamps,  whose  radiation  wavelengths  are  in  the  dissociation  band 
of  iodine-containing  substances,  and  their  efficiency  can  attain  30%, 

Another  interesting  property  of  pulse  COIL  is  their  ability  to  operate  without  low- 
-temperature  trap,  which  is  meant  to  purify  singlet  oxygen  from  water  vapoxirs*  Without 
the  trap  the  laser  is  simpler  and  more  convenient  in  operationi  the  length  of  singlet  ox¬ 
ygen  transport  is  shorter  and  the  losses  during  homogeneous  and  heterogeneous  relaxation 
of  singlet  oxygen  are  smaller* 

Besides,  in  order  to  provide  steady-state  operation  of  the  laser  it  is  necessary  to 
discharge  the  heat  released  in  the  reaction  with  II3  kj/mole  CI2  thermal  effect.  The  heat 
is  discharged  either  from  the  trap  or  the  active  mixture  at  low-temperature  operation  of 
a  singlet  oxygen  generator  (SOG).  The  necessity  of  using  a  cooler  in  order  to  compensate 
thermal  effect  of  the  reaction  limits  the  laser  efficiency. 

Without  the  cooler  the  steady-state  thermal  operation  is  sustained  by  water  evapora¬ 
tion  from  SOG.  The  water  vapours  contained  in  the  gas  flowing  from  SOG  are  2*7  times  hig¬ 
her  than  the  content  of  O-*  As  a  result,  the  operation  of  COIL  in  a  conventional  scheme, 
l.e*  mixing  of  0o(  ii  )  with  In,  proves  to  be  quite  impossible.  This  is  explained  by  a  sharp 
retardation  of  tne  iodine  diisociation  in  the  presence  of  water* 

The  condition  when  the  generation  energy  is  independent  of  water  content  in  the  ac¬ 
tive  mixtvire  has  the  form: 

)/ 

- L.  t-L.- - i-»i  . 

Kq  [H2O] 

P 

where  is  I(  P^^2)  quenching  rate  constant  during 
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I(2pi/2)+  HgO 


HgO 


By  substituting  respective  values  in  the  above  inequality  one  can  see  that  it  is  well  ful¬ 
filled  at  the  abovementloned  water  content* 

The  above  considerations  have  been  experimentally  oheolced*  In  the  experiments  we  used 
the  setups  (Pig.1)  of  various  scale t  active  medium  voltime  from  300  ml  up  to  3  1,  pumping 

rate  8  l/s  -  150  1/s.  We  made  use  of  lon¬ 
gitudinal  gexmetry,  l*e.  the  flux  dlreotl- 
I  „  /n-qq  q*  coincided  with  the  laser  optical  axis* 

f  tuuujj  /  Iodide  dissociation  was  produced  by  using 

_ II _ I  xenon  flash-lamps*  Per  singlet  oxygen  pro- 

duotion  we  have  also  used  a  bubble  type 

WJn  - 1  IPP-20000  SOG* 

•  “  jl  ;  Eg^aSOOj  Different  iodides  (CP,I,  CH^I.C,?™!, 

Ej  pp  <  I  /  C0H7I)  and  their  efficiency  as  the  iodine 

J  1/  atoms  donors  have  been  studied  as  well  as 

M  the  dependences  of  the  laser  output  ener- 

'f'l'f,  I  I  gy  and  pulse  shape  on  mixture  composition* 

li— .r-jl  j  I  the  o:^gen  pressure* 

' — Inr  1  '  1  best  results  were  obtained  with 

•  '  1^—  HjlJ.  L-  -  iUi  CH,I*  Under  the  same  degree  of  iodide  de- 

f  ^  *  - -  --  composition  the  output  energy  is  decreased 

I  Ct«  Ar*  I  *  p  p  when  CH,I  is  substituted  for  CP,I  and 
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» .At* 
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u  /D  ockc  C,P»I*  The  energy  decrease  depends  on  oxy- 

M2(R=98%,r-5m)  g^n^pressure* 


Pig* 1 Schematic  layout  of  the 
experimental  setup* 
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J _ I  As  was  earlier  predicted,  the  presen- 

\/  X  =  J  oi  c  oe  of  water  vapour  in  the  active  medium  of 

J\  IjOU/*  a  pulsed  COIL  with  volumic  production  of 

attomlo  iodine  weakly  affects  the  laser 
output  energy  (Pig*2}t  the  laser  operates 
Pig* 1 Schematic  layout  of  the  successfully  when  the  vapour  oonoentratl- 

experimental  setup*  on  is  three  times  hl^er  than  the  oxygen 

concentration*  There  is  evidently  no  need 
in  a  trap* 

Like  in  CW  operation  regime  the  rise 
F  pumping  rate  caused  the  growth  in 

•virf  L"'JJ  the  output  energy  that  is  related  to  the 

j„n  growth  of  singlet  oxygen  concentration  in 

lOO’  - -  e  a  flux* 

-  •  Maximal  specific  energy  released  was 

gQ  .  '  1*1  J/1  at  the  pressiiret  oxygen,  1*3  mm 

•  •  Hg,  CH-sI,  0*4  an«g  and  Ar  -  2  mniHg*  Measu- 

rement-^of  the  iodide  dissociation  degree 

QQ  .  gives  700%  of  intrinsic  efficiency*  Chemi- 

O  nzKT  efficiency  16^  is  not  less  than  the 

r^' U,a  fotz  same  best  value  for  CW  lasers* 

HU  -  One  can  see  that  pulse-repetition 

P  :iQ‘i27((n  COIL  possesses  a  nTsnber  of  attractive  fea- 

^  turest  the  absence  of  traps,  simple  oont- 

cD  ’  rol  of  the  laser  parameters*  This  could 

n  widen  the  possibilities  of  its  application* 

_  .  _ _ _  The  idea  of  using  COIL  as  a  driver, 

To  Ta  /ig  no  ~A0  40  fTor^  i*®*  ®  high-power  laser  which  heats  up 

U  dd  U.H  Ut>  U«  icimnj  target  appears  to  be  quite  attractive 

in  view  of  the  laser  fusion  researh*  Such 
opportunities  follow  from  a  high  efflcie- 
Plg*2*  Output  pulse  energy  versus  noy  of  COIL  operation  in  the  closed  cycle* 

the  partial  water  pressure.  The  astlmates  made  by  Fisc  and  Heys  /1  / 

show  that  at  30%  efficiency  of  conversion 

of  Oo  molecule  excitation  energy  into  the  laser  radiation,  the  total  efficiency  of  the  la¬ 
ser  System  with  allowance  for  energy  expenses  on  the  reagent  reproduction,  can  be  as  high 
as  6%  even  with  the  up-to-date  technological  base*  Besides,  quite  possible  is  the  const¬ 
ruction  of  a  hybrid  system  including  and  advanced  photodissooiation  laser  (note  that  COIL 
generation  occurs  at  the  same  iodine  atomic  transition  as  the  iodine  photodissooiation  la¬ 
sers  }*  To  use  COIL  in  the  laser  fusion  it  is  necessary  not  only  to  implement  pulse-repeti¬ 
tion  regime,  but  to  obtain  a  nanosecond  pulse  with  energy  up  to  himdred  kilojoule* 

Consider  the  feasibility*  ,1  .  « 

Since  the  piase  duration  is  shorter  than  the  typical  duration  of  02(  /I  )  -►  I  trans¬ 
mission,  it  is  obvious  that  during  a  round-trip  the  amplified  pvilse  may  extract  from  the 
active  medium  the  energy  fraction  which  nearly  equals  [iJ/EOol  ratio.  To  extract  the  ener¬ 
gy  one  should  use  multipulse  scheme*  This  may  be  realised  with  the  help  of  a  ring  scheme 


Pa-OfiZJcKi 


iZPbnJ 


Fig* 2*  Output  pulse  energy  versus 
the  partial  water  pressure. 
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(Flg*3)*  Here  the  perimeter  exoeeds^the  ralue  Ct'-,  where  C  is  the  light  relocity, 
the  typical  time  C  d/Kj  f0o(  /i  )J  •  The  requifed  number  of  rovind  equals [Opl//,!]. 
Such  a  scheme  must  include  polarizational  elements  and  optical  shutters  which  can  remore 
the  pulse  from  the  ring  and  prevent  the  system  self-excitation. 

To  remove  the  pulse  from  the  ring  one  can  use  the  conversion  of  nonoollinear  beams 
into  the  2-nd  harmonic  (Flg.4).  In  this  case  the  beams  of  both  ringy  Intersect  in  a  non¬ 
linear  crystal  at  an  angle  precisely  equal  to  noncolllnear  synchronism  angle.  Exact  peri- 
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Fig. 3.  Ring  scheme  of  the  chemical  Fig. 4.  Chemical  oxygen-iodine  amplifier 

oxygen-iodine  amplifier.  -  second  harmonic  generator. 

1.  Amplifier  cell.  1.  Beam  splitter. 

2.  Burned  shutter  (space  filter).  2.  Amplifier  cells. 

3.  ModTilator.  3.  Biimed  filters. 

4.  Cavity  dumper.  4.  Nonlinear  crystal. 

meters  are  chosen  so  that  the  pulses  propagating  in  the  first  and  second  rings  coincided 
in  a  nonlinear  crystal  only  after  a  given  number  of  roxind-trips.  Here  the  second  harmonic 
conversion  would  take  place,  and  practically  all  the  energy  would  be  emitted  towards  bi¬ 
sector  of  an  intersection  angle. 

Since  in  low-pressure  (<  100  mm  Hg)  COIL  the  relation  T  <  1/nu.  (  ncJ  is  the  li- 
newldth  of  atomic  iodine)  is  valid  for  a  nanosecond  pulse,  there  is  a  possibility  of  a 
coherent  amplification.  Each  round-trip  will  prc  je  a  two-fold  energy,  and  this  makes 
possible  to  reduce  the  necessary  number  of  rouna  ripe. 

To  realize  the  proposed  ideas  one  should  first  of  all  have  the  active  medium  with 
the  required  energy  store.  Fisc  and  Hays  siugested  to  use  the  active  medium  of  the  dimen- 
sions^l.7  X  3  m  containing  10  mmHg  Op  (OpC  A  )  -  80%)and  0.3  mffiHg  Ip,  However,  the  rela¬ 
xation  time  in  such  an  active  medlum'^ls  0.6  ms.  It  is  obvious  that  ^en  sound  velocity 
(300  m/s)  of  the  flow  ml^t  produce  the  active  medium  of  -^18  cm,  and  this  is  far  smaller 
than  the  required  one. 

However,  in  the  second  method  described  above  for  the  given  pressure  the  admissible 
time  value  is  500  times  higher,  and  preparation  of  the  active  medium  of  needed  dimensions 
becomes  quite  a  realizable  task. 

The  formation  of  large  volximes  of  active  medium  may  be  possible  under  weak  relaxati¬ 
on  of  the  energy  store.  This  Imposes  certain  requirements  on  the  selection  of  the  iodide. 
As  noted  above,  the  iodide  should  not  cause  the  singlet  oxygen  relaxation  and  should  not 
produce  atomic  iodine  in  the  reaction  w:i.th  it.  In  case  of  a  chemical  SOG,  however,  the 
chlorine  may  be  present  in  the  working  mixture.  This  imposes  an  additional  reqxiirement 
upon  RIt  it  should  be  inert  to  Clp,  Alkyl  iodides  (CH^I,  C^H-I)  have  been  fovmd  to  react 
with  chlorine  and  produce  atomic  iodine.  The  rate  const  Mt'^gfihe  bmitto-reactlon 
Clp  +  02( /\)  +  RI  -♦  I  +  products  was  evaluated  4»10”-’'^cm®s”  .  The  estimation  of  the 
relaxation  time  of  energy  store. ^  the  mixture  02(  )  +  RI  +  Clp  shews  that  ohlorine 

concentration  must  not  exceed  10  ^cm”-^.  At  this  case. the  rate  of. energy  store  losses  is 
comparable  with  that  defined  by  process  0p(  A  )+  02(  A  )  0p(  Z  )  +  0p('’£’  ).  Due  to 

the  noted  phenomenon  the  creation  of  pulse  COIL  requires  the  selection  or  the  type  and 
operation  regime  of  a  SOG  which  ensures  maximal  utilization  of  Clp* 

Reference 
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THE  NUCLEAR  PUMPING  OF  LASERS  -  REVISITED 


By  Richard  T.  Schneider,  University  of  Florida 
and  John  D,  Cox,  General  Imaging  Corp., 
Gainesville,  Florida 


Historical  Overview 


Nuclear  pumping  of  lasers  began  shortly  after  the  first  development  of  the  laser  in 
1960.  Nuclear  pumping  has  been  accomplished  with  both  nuclear  reactors  and  nuclear 
explosives.  In  the  case  of  nuclear  explosives,  stimulated  emission  with  X  rays  has  been 
reported,  but  much  of  this  work  remains  classified.  This  paper,  however,  deals  exclusively 
with  reactor  pumped  lasers  (rpl). 

Experimentation  in  this  field  of  research  necessarily  requires  access  to  a  reactor. 
Therefore,  only  a  few  institutions  have  proliferated  research  and  publications  in  this 
area.  These  include  the  University  of  Florida,  the  University  of  Illinois  (at  Champaign), 
NASA  Langley  Research  Center,  Sandia  National  Laboratories  and  Los  Alamos  Scientific 
Laboratories.  The  Soviet  Union  has  also  had  a  vigorous  study  of  nuclear  pumping  producing 
significant  results  of  their  own.  The  focus  of  much  of  the  previous  work  was  to  understand 
the  properties  of  nuclear  excited  plasmas  and  the  measurement  of  small  signal  gain  and 
lasing.  Only  a  few  lasers  were  actually  pumped  with  fission  fragments  (see  Table  1),  all 
others  used  a  simulation  of  the  fission  process  where  the  reactor  was  only  used  as  a  source 
of  neutrons  and  the  nuclear  reactions  simulating  the  fission  process  tofjj  place  in  t^e 
laser  cavity.  Two  simulation  reactions  were  used  almost  exclusively;  (n,alpha)Li'  and 
He-^(n,p)T'’- 

The  boron  and  fission  reactions  were  accomplished  with  coatings  and  foils  while  the 
Helium-3  reactions  were  in  the  gas  phase.  The  reactors  used  were  either  bare  core  (Burst) 
reactors  such  as  the  Godiva  at  Los  Alamos  and  the  Burst  reactor  at  Aberdeen  Proving  Grounds 
or  the  TRIGA  type  reactors  found  at  the  University  of  Illinois  and  Sandia.  The  Burst 
react^gs  are  capably  of  producing  a  60  microsecond  pulse  of  fast  neutrons  with  a  peak  flux 

Aowevef ^*'Efie®^6ove®mefitioned  reactions  require  thermal  neutrons.  Thermalization  schemes 
used  in  conjunction  with  these  reactor  pulses  produce  a  200  microsecond  pulse  of  thermal 
neutrons  with  a  peak  flux  of  10*'  . 

Using  typical  cross  sections  and  densities  of  boron,  uranium  and  helium,  one  can 
estimate  the  power  deposition  (using  a  thermal  flux  of  10^  )  into  a  laser  gas  to  be  on  the 
order  of  5  kw  per  cubic  centimeter.  As  a  point  of  reference.  E-beam  driven  systems  are 
capable  of  power  densities  on  the  order  of  1  Megawatt  per  cubic  centimeter.  The  scaling 
law  of  laser  physics  dictates  that  the  lasing  wavelength  is  inversely  proportional  to  the 
threshold  pumping  power  to  the  fourth  power  (i.e.,  the  threshold  pumping  power  for  an 
ultraviolet  laser  is  10,000  times  greater  than  for  an  infrared  laser  with  a  wavelength  10 
times  greater).  Therefore,  the  laser  wavelength  range  for  reactor  pumped  lasers  is  limited 
to  the  near  infrared  with  only  a  few  exceptions.  The  low  power  density  coupled  with  the 
typically  low  laser  efficiencies  have  produced  laser  output  powers  on  the  order  of 
milliwatts . 

Motivations 


To  nuclear  pump  a  laser  requires  a  substantial  amount  of  justification  as  with  anything 
involving  the  use  of  a  reactor.  The  promise  of  nuclear  pumping  is  the  ability  of  a  nuclear 
reactor  to  provide  "limitless"  energy  and  extremely  high  energy  densities  with  a  relatively 
small  mass  (one  gram  of  uranium  stores  as  much  energy  as  a  ton  of  coal).  This  promise  can 
only  be  kept  if  the  device  is  placed  in  a  remote  location  such  as  in  outer  space  where 
shielding  and  other  safety-related  apparatus  are  minimal.  In  order  to  fully  exploit  the 
energy  reserves  of  a  nuclear  reactor  and  its  capability  to  produce  extremely  high  energy 
densities,  one  has  to  optimize  coupling  between  the  reactor  and  the  laser.  It  should  be 
borne  in  mind  that  80  percent  of  the  fission  energy  is  invested  in  the  kinetic  energy  of 
the  fission  fragments.  Therefore,  it  is  this  energy  which  has  to  be  converted  to  laser 
light,  not  the  energy  of  the  neutrons,  alpha,  beta  or  gamma  radiation.  In  the  case  of  gas 
lasers,  the  fission  fragment  has  to  be  able  to  interact  with  the  gas  atoms,  and  not  as  in 
conventional  reactors  with  a  matrix  of  solid  fuel.  Consequently,  conventional  reactor 
configurations  are  not  suitable  for  nuclear  pumping  of  lasers  and  new  configurations  have 
to  be  found  which  allow  the  fission  fragments  to  interact  with  gaseous  laser  media  to  form 
a  nuclear  excited  plasma.  Nuclear  excited  plasmas  have  many  unique  characteristics,  some 
of  which  need  to  be  exploited,  others  which  need  to  be  mitigated.  The  fission  event,  in 
principle,  is  an  ideal  "driver"  for  producing  excited  and  ionized  species  in  a  gas.  Solid 
and  liquid  media  suffer  severe  radiation  damage  from  direct  fission  fragment  excitation. 

The  fission  event  produces  almost  every  form  of  energy  known,  including  two  to  three 
neutrons  to  continue  the  chain  reaction.  The  energy  released  per  reaction  is  about  200 
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NUCLEAR  PUMPED  LASER  EXPERIMENTS 
Fission  Fragment  Excitation 


Research 

Wavelength 

Pressure 

Neutron 

Length  of 

Peak  Power 

Peak  Power 

group  & 

site 

Flux 

Laser  Pulse 

Deposited 

Total 

(  urn ) 

( torr ) 

( n/cm  sec ) 

(g  sec ) 

(W/L) 

(W) 

Los  Alamos  &  U.  of  Fla. 

( Helmick, 

Schneider ) 

^He-Xe 

2.508 

200-350 

2.4X10‘* 

135 

3.3X10® 

.1 

Sandia  Labs  (McArthur) 

CO 

5. 1-5.6 

100 

3.7X10**’ 

50 

1.3X10* 

2.6 

"“HeC  n. 

p)*H  Excitation 

NASA-LANGLEY  ( Hohl ) 

He-Ne 

1.117 

400 

7.65X10*^ 

400 

_ 

_ 

He-Ar 

1.270 

466 

1.8X10** 

220 

1.0X10® 

.06 

He-Cl 

1.586 

600 

1.5X10** 

500 

-- 

.04 

He-Ar 

1.791 

200-3000  1.5X10 

550 

.05 

He-Xe 

2.027 

200-3000  1.5X10^^ 

600 

.085 

He-Kr 

2.520 

200 

1.5X10‘ 

200 

-- 

.03 

Los  Alamos  (Helmick) 

He-Xe 

2.024 

3.508 

580 

3.5X10** 

150 

-- 

1.0 

U.  of  Florida  (Schneider) 

^He-Ne 

.6328 

300 

'10*^ 

C.W. 

-- 

^‘’b(  n. 

)*Li  Excitation 

Univ.  of 

Illinois  (Miley 

,  Deyoung ) 

He-N^ 

.9393 

2.5X10*® 

.8629 

150 

6,000 

3.0X10* 

1 . 5mw 

Ne-CO 

1.45 

2X10** 

He-CO^ 

1.45 

600 

2X10** 

20,000 

He-N  ^ 

2 

.9393 

150 

3.5X10*® 

9,000 

1 . 5mW 

Univ.  of 

Ill.  &  Sandia  (Miley  &  McArthur,  Akerman) 

He-Hg 

.6150 

600 

1.5X10** 

400 

3.0X10® 

Imw 

Table  1 


million  electron  volts.  As  pointed  out  above,  the  majority  of  this  energy  is  carried  away 
by  two  fission  fragments  (lighter  elements),  each  with  an  average  kinetic  energy  of  80  MeV 
and  a  charge  of  +20.  In  a  gas  where  the  average  ionization  energy  is  between  a  few 
electron  volts  and  a  few  tens  of  electron  volts,  a  fission  fragment  can  create  100,000  ion 
pairs.  To  stop  these  fission  fragments  within  a  short  distance  (a  few  centimeters), 
relatively  high  gas  pressures  (for  lasers)  must  be  used,  typically  several  hundred  Torr. 
Nuclear  excited  plasmas  can  be  characterized  as  collision  dominated  with  very  low 
(equlibrium)  electron  temperatures  (usually  room  temperature),  but  high  initial  electron 
energies  prior  to  ther raa 1 i za t ion , 

A  series  of  paradoxes  are  encountered  when  studying  this  phenomenon.  Fission  fragments 
have  extremely  high  energy  density  per  particle,  yet  nuclear  excited  plasmas  have  modest 
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power  densities  compared  to  E-beam  and  discharge  excited  plasmas.  While  the  power 
densities  achievable  with  nuclear  pumping  are  low,  very  large  volume's  can  be  excited  (up  to 
several  liters  have  been  excited).  Explosive-driven  plasmas  have  incredible  power 
densities  and  rise  times  where  reactor-driven  plasmas  have  relatively  lower  power  densities 
and  rise  times. 

The  challenge  to  be  met  is  to  find  laser  media  compatible  with  the  reactor  environment 
which  are  scalable  to  high  power  and/or  a  way  must  be  found  to  efficiently  couple  a  large 
percentage  of  the  reactor  power  to  the  laser  media. 

Typical  high-power  lasers  today  are  molecular  systems  (e.g.,  HE,  iodine  and  C0„) 
operating  in  the  infrared  which  is  convenient  since  these  lasers  require  relatively  low 
pumping  power.  However,  remote  operation  creates  a  brightness  problem.  Brightness  is  the 
power  density  achievable  by  a  light  source  in  the  far  field.  For  the  extremely  large 
distances  encountered  in  space  applications,  the  brightness  of  a  light  source  is 
diffraction  limited,  meaning  that  the  maximum  power  density  (in  the  far  field)  is  limited 
by  the  inverse  of  the  wavelength  squared.  That  is,  a  one  micron  laser  can  create  the  same 
brightness  as  a  ten  micron  laser  with  100  times  the  output  power.  The  operating  wavelength 
of  the  laser  also  affects  the  size  of  the  optics  needed  as  well.  Therefore,  another 
criteria  for  the  ideal  nuclear  pumped  laser  is  that  the  operating  wavelength  must  be  short 
(less  than  or  equal  to  one  micron).  The  list  of  possible  laser  candidates  now  becomes 
small.  Perhaps  the  best  remaining  candidates  for  such  a  laser  are  the  excimers.  The 
threshold  power  density  for  excimers  is  quite  high,  however,  typically  in  the  100  kw  to  1 
Mw  per  cubic  centimeter  range. 

The  reactor-laser  interface  is  perhaps  the  most  critical  issue  to  be  resolved.  A  way 
must  be  found  to  deposit  a  substantial  fraction  of  the  reactor  power  into  the  laser  cavity 
at  a  power  density  sufficient  to  achieve  laser  action.  At  the  same  time,  the 
incompatibility  of  the  reactor  core  and  laser  cavity  must  be  mitigated.  The  ideal  system 
would  be  a  self-critical  reactor/laser  where  the  majority  of  the  reactor  fuel  is  in  the 
gaseous  state.  Conventional  reactor  designs  use  a  solid  fuel  where  the  high-quantum  (MeV) 
nuclear  energy  is  degraded  to  thermal  energy.  Even  if  the  critical  mass  of  the  reactor 
were  in  the  form  of  foils  or  coatings,  at  least  half  the  energy  would  be  absorbed  in  the 
foil  or  substrate.  The  range  of  fission  fragments  in  uranium  is  about  ten  microns.  A 
coating  thin  enough  to  allow  most  of  the  fission  fragments  to  escape  would  be  too  thin  to 
provide  any  mechanical  rigidity,  an  undesirable  situation  in  the  reactor  core;  therefore, 
supporting  substrates  of  considerable  mass  would  be  needed.  The  escaping  fission  fragments 
also  create  sputtering  effects  in  foils,  another  disadvantage. 

Gas  core  and  plasma  core  reactor  concepts  have  shown  promise.  The  gas  core  reactor  uses 
one  of  the  only  stable  gaseous  forms  of  uranium,  uranium  hexafluoride  (UF,).  In  the 
gaseous  state,  nuclear  fuel  can  transfer  all  of  its  energy  to  the  surrounding  gas.  If  that 
gas  were  a  gaseous  laser  media,  a  homogenous  reactor/laser  could  be  constructed.  A  great 
deal  of  research  has  been  done  on  the  effects  ofj^a^ding  UF^  to  a  lasing  gas  and  the 
excitation  of  a  laser  media  with  fissioning  UF^.  The  results  of  this  research  were  less 

than  promising.  Due  to  the  many  transitions  the  complicated  UF^  molecule  has,  it  turns  out 
that  most  of  the  candidate  laser  gases  are  quenched  by  addition  of  small  amounts  of  UF,. 
There  are  two  studies,  ^0wever,  which  show  signs  of  success.  One  is  the  addition  of  Ur^  to 
an  operating  CO2  laser.  Lasing  was  maintained  with  the  addition  of  up  to  2%  UF^. 

Another  sjydy  reports  lasing  of  an  Ar-(3Z)Xe  laser  was  maintained  after  the  addition  of 
0.5%  UF^.  In  this  case,  67%  of  the  excitation  was  derived  from  the  solid  coating  (UF^) 
on  the  wall  of  the  vessel,  while  38%  came  from  UF^  directly. 

This  limited  success  in  using  UF,  would  have  to  be  improved  to  the  point  that  sufficient 
UF^  gas  can  be  added  to  achieve  criticality.  Studies  that  have  been  made  on  the  various 
gas  core  reactor  concepts  show  th^|  UF,  pressures  required  for  criticality  in  gas  core 
reactors  exceed  five  atmospheres.  The  question  still  to  be  answered  concerns  the  amount 
of  quenching  which  would  take  p J^c j^a ^ ^t^gse  higher  gas  pressures. 

Plasma  core  reactor  concepts  ’  ’  ’  using  atomic  uranium  have  an  operating 

temperature  of  about  40,000  degrees  C,  way  too  high  for  a  laser.  Another  name  given  to  the 
plasma  core  reactor  was  the  nuclear  light  bulb.  These  gas  core  and  plasma  core  reactors 
were  designed  for  the  astro-nuclear  program  as  fourth  stage  boosters  for  deep  space 
‘ssions.  See  Figures  lA  and  B,  It  would  seem  that  direct  fission  fragment  pumping  of  a 
ic.  ar  is  a  blind  alley  due  to  the  incompatibility  of  the  laser  media  and  reactor  core 
environment , 

One  metnod  which  shows  promise  in  eliminating  the  reac tor / laser  incompatibility  problem 
yet  can  achieve  fairly  high  coupling  efficiency  is  the  transfer  laser  concept.  Here  the 
energy  from  the  reactor  core  is  absorbed  by  a  working  fluid  and  transferred  to  the  laser 
cavity  outside  the  ^^re.  A  nuclear  pumped  CO2  transfer  laser  was  successfully  demonstrated 
by  Schneider,  et  al  .  Flowing  nitrogen  gas  was  excited  by  fission  foils  and  exhausted 
through  a  nozzle  to  the  laser  cavity  one  meter  away  and  mixed  with  C0„  and  helium.  During 
transient,  all  of  the  excited  states  col 1 isiona 1 ly  relaxed  to  a  metastable  state  which  is 
resonant  with  the  CO,  upper  laser  level.  The  overall  laser  efficiency  can  be  quite  high, 
the  theoretical  limit  being  28%.  A  transfer  laser  of  enormous  power  could  be  constructed 
using  the  NERVA  reactor,  a  solid  fueled,  gas-cooled  astro-nuclear  booster.  Such  a  laser 
would  be  capable  of  100  Megawatts  CW  at  10.6  microns.  This  concept  suffers  from  two 
disadvantages;  the  wave  length  is  too  large  (low  brightness,  large  optics)  and  the  use  of 
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b)  COAXIAL-FLOW  GAS-CORE  NUCLEAR  ROCKET 

Figure  lA  and  B 


nitrogen  as  a  reactor  coolant  would  require  hundreds  of  tons  of  fluid  for  even  30  minutes 
of  operation.  This  is  not  any  better  than  what  a  chemical  laser  can  do. 

The  transfer  laser  concept  will  not  scale  up  unless  the  "working  fluid"  is  light 
( e J.gc t r omagne t i c  radiation).  This  concept,  radiant  transfer,  was  first  proposed  by  Cox,  et 
al  .  In  his  proposed  concept  the  colloidal  core  reactor  was  utilized.  This  reactor 
employs  a  gas  vortex  (in  this  case  He)  which  suspends  small  solid  particles  of  uranium 
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carbide.  The  temperature  of  the  particles  increases  due  to  the  fission  process  taking 
place  in  the  uranium  and  is  allowed  to  raise  to  a  value  of  3000  degrees  K. 

A  vortex  is  established  by  tangentially  blowing  lie-jets  into  the  reactor  cavity.  In 
order  to  keep  the  vortex  going,  a  like  amount  of  helium  (now  containing  a  certain  fraction 
of  solid  particles)  is  removed,  also  tangentially,  and  is  returned  consequently  to  the 
injection  nozzle.  Only  a  small  fraction  of  the  gas  is  circulated  through  this  by-pass 
loop . 

The  total  loading  of  the  reactor  cavity  in  the  form  of  uranium  carbide  particles  (size 
0.5-5  micrometers  in  dia.)  is  4.5  kg.  The  expected  power  density  is  20  kW/cm  .  Moderation 
is  mainly  achieved  in  the  reflector-moderator  (Be).  For  control  purposes,  it  is  necessary 
to  generate  20%  of  the  power  in  the  reflector  region.  The  reflector  contains  control  drums 
which  serve  this  purpose. 

Due  to  the  centrifugal  forces,  there  is  a  density  gradient  from  the  center  of  the 
cylindrical  cavity  towards  the  outside.  In  order  to  prevent  the  hot  particles  from 
contacting  the  outer  wall,  a  series  of  small  jets  are  utilized,  which  tangentially  inject 
helium  to  deflect  the  particles  from  the  wall.  Due  to  this,  the  center  of  the  cylindrical 
cavity  is  also  virtually  particle  free. 

Here  a  coaxial  transparent  sapphire  tube  is  inserted.  The  center  part  of  the  tube 
contains  a  laser  liquid  while  the  annulus  ..on tains  a  cooling  liquid.  The  laser  liquid  is 
described  in  the  next  section. 

The  soli  particles  will  emit  light  corresponding  to  a  3000  degree  K  gray  body.  The 
emissivity  of  the  uranium  carbide  at  this  temperature  is  still  uncertain,  but  it  can  be 
estimated  to  be  around  0.75. 

The  light  emitted  by  particles  in  the  outer  layer  is  absorbed  by  the  particles  closer  to 
the  center,  which  are,  therefore,  heated  and  reradiate  the  energy  at  their  respective 
temperature . 

It  is,  therefore,  advantageous  to  allow  the  outer  particles  to  be  heated  by  nuclear 
energy  to  a  higher  temperature  than  the  inner  particles.  Therefore,  a  radial  reactor  power 
gradient  is  beneficial.  This  gradient  is  established  due  to  the  gradient  in  the  density  of 
the  fuel  particles. 

The  coolant  in  the  coaxial  tubing  can  be  D2O  and  can  be  used  as  a  partial  moderator- 
reflector.  The  advantage  here  would  be  that  neutron  irradiation  of  the  liquid  is  reduced. 
Also  useless  IR  and  uV  components  of  the  blackbody  light  are  removed,  reducing  heating  of 
the  laser  liquid.  The  proposed  concept  described  above  suffers  from  some  near-term 
problems.  These  are  that  the  colloidal  core  reactor  is  not  developed  to  a  degree  that  it 
will  be  available  in  the  near  future.  Secondly,  while  plenty  of  laser  liquids  (especially 
laser  dyes)  which  can  be  pumped  optically  are  available,  most  suffer  severe  radiation 
damage.  Only  the  a-protic  Lewis  acids  have  a  chance  to  stand  up  to  the  severe  radiation 
environment.  However,  this  has  not  been  demonstrated  yet.  The  liquid  is  an  inorganic 
soly|ion  of  phosphorous-oxy-ch^^ride  (POCl^),  zirconium  tetrachloride  (ZrCl^)  and  neodymium 
(Nd  ).2QThe  soluability  of  Nd^  in  POCl  is  not  sufficient  to  obtain  a  good  concentration 
(3  X  10  /cm^)  suitable  for  efficient  laser  operation.  Therefore,  z;^jconium  tetrachloride 

is  added  to  the  solution  and  acts  as  a  Lewis  acid  to  increase  the  Nd  concentration  to 
optimum  levels.  2^  3^ 

The  absorption  bands  of  the  Nd  ions  in  the  POCl^rNd  :ZrCl,  solution  are  centered 
around  550,  600,  750  and  820  mm.  Blackbody  radiation  of  about  3000  degrees  K  would  serve 
adequately  to  pump  this  liquid.  See  Figure  2.  Figure  3  shows  a  schematic  of  the  proposed 
system. 

The  boiling  point  of  uranium  is  around  4000  degrees  K  and  most  of  the  carbides  and 
oxides  are  somewhat  higher.  The  melting  point  of  tungsten  is  3380  K.  Therefore,  it  is  not 
inconceivable  that  a  solid  fuel  rod  with  a  tungsten  cladding  containing  liquid  U,  UO..  or 
UC2  could  be  operated  with  a  surface  temperature  around  3000  degrees  K  in  a  gravity-tree 
environment.  In  this  case,  an  appreciable  part  of  the  reactor  energy  would  appear  at  the 
wavelength  of  the  pumping  band  of  laser  liquid.  Of  course,  all  of  the  reactor  power  would 
eventually  be  radiated  away  as  IR  radiation.  The  unused  part  could  be  utilized  for  other 
direct  energy  conversion  schemes. 

Declaring  IR  as  the  working  fluid  allows  the  removal  of  the  laser  from  the  reactor 
environment  without  severe  penalties,  thus  making  it  possible  to  pump  other  liquid  laser 
media  as  well. 

Due  to  the  inherent  limited  laser  efficiencies,  all  laser  liquids  need  to  be  cooled. 

Low  temperature  waste  heat  rejection,  which  is  a  problem  in  space,  is  therefore  limited  to 
the  part  of  the  reactor  power  absorbed  by  the  laser  liquid  rather  than  the  total  reactor 
power . 

Cone  1  us  ions 


In  the  previous  two  decades  of  research  a  great  deal  has  been  learned  about  the 
interactions  of  nuclear  reaction  products  with  laser  media.  The  most  critical  issue  has 
not  yet  been  adequately  addressed,  namely  the  development  of  a  reactor  suitable  for  pumping 
lasers.  Significant  problems  have  been  encountered  where  attempts  have  been  made  to  add 
UF,  to  lasing  gases.  A  successful  combination  of  UF,  and  a  lasing  gas  could  produce  a 
se I f-c r i t i ca 1  reactor/ laser  ,  perhaps  the  ultimate  embodiment  of  the  rpl. 
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Figure  2:  Absorption  Spectra  of  I 
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Figure  3:  Reactor  Con* 


The  only  feasible  alternative  which  maintains  the  promises  of  nuclear  pumping  is  a 
radiant  transfer  system.  Solid-fueled  "lightbulb"  reactors  are  limited  by  their  melting 
points,  thereby  limiting  the  color  temperature  to  3000  degrees  K,  a  marginally  acceptable 
temperature.  Gas  and  plasma  core  reactors  have  much  higher  operating  temperatures  and 
therefore  are  more  suited  for  this  purpose.  However,  development  of  such  reactors  will 
require  hundreds  of  millions  of  dollars.  Subsequent  development  and  testing  could  take  a 
generation  to  complete.  Nevertheless,  it  is  this  approach  which  seems  to  have  the  most 
promise  for  success. 
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Refractive  Index  Gradients  in  Nuclear-Reaclor-riimped  Lasers:  Gasdynamic  Llfects 
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Albuquerque,  New  Mexico  87185 


Abstract 

In  nuclear-reactor-pumped  lasers,  the  fission-fragment  energy  deposition  is  spatially  nonuniform,  with  less  energy  deposited  near  the 
laser  axis  than  is  deposited  near  the  side  walls  from  which  the  fission  fragments  originate.  This  nonuniformity  causes  gas  to  move  toward 
the  Iziser  axis  and  establishes  mass  density  and  refractive  index  gradients  perpendicular  to  the  laser  axis.  In  order  to  understand  this 
phenomenon  and  describe  it  quantitatively,  a  numerical  model  of  the  gcisdynamics  of  nuclear-reactor-jiumped  lasers  has  been  developed 
The  numerical  model  simulates  the  two-dimensional  motion  of  a  perfect  gas  experiencing  fission-fragment  energy  deposition  in  a  rectangular 
or  cylindrical  enclosure.  In  addition  to  calculating  mass  density,  temperature,  pressure,  velocity,  and  power  density  fields,  ray-tracing 
calculations  are  performed  to  determine  the  beam  steering  caused  by  the  varying  mass  density.  The  simulation  of  a  representative  one¬ 
dimensional  rectangular  case  is  found  to  t'e  in  excellent  agreemcn*  with  Itie  existing  analytical  theory.  In  this  rase,  the  ray-lracing 
calculations  indicate  length  limitations  which  result  from  internal  focusing.  Examination  of  cylindrical  cases  reveals  that  under  certain 
circumstances  gas  motion  reduces  the  on-axis  power  density  to  zero,  a  phenomenon  termed  axis-shielding.  This  phenomenon  never  occurs 
in  rectangular  cases.  Simulations  of  experiments  show  good  agreement  between  calculated  and  experimental  Hartmann  probe  refractive 
index  data. 


1.  Motivation 

It  is  possible  to  pump  a  laser  with  the  energetic  products  of  fi.ssion  reactions  (fi.ssion  fragments)  induced  by  a  pulse  of  moderated  neutrons 
from  a  research  nuclear  reactor.'  ^  Such  “niiclear-reactor-piimped’'  la-sers  can  take  advantage  of  the  large  energy  densities  associated  witn 
nuclear  power."  However,  since  the  fission  fragments  typically  enter  the  gas  from  coatings  of  fissionable  material  located  on  the  side  walls 
of  the  chamber,  the  power  density  in  the  lasing  gas  is  highest  near  the  walls  and  lowest  at  the  centerplane  (rectangular  geometry)  or  the 
axis  (cylindrical  geometry).  This  nonuniformity  produces  small  pressure  gradients  which  cause  gas  to  flow  away  from  the  walls  and  toward 
the  laser  axis.  Thus,  fission-fragment  energy  deposition  sets  up  ma,ss  density  gradients  perpendicular  to  the  laser  axis.  Since  the  index 
of  refraction  is  related  almost  linearly  to  the  mass  density,^  these  gradients  cause  beam  steering  and  under  certain  circ\)mstanrcs  may 
be  strong  enough  to  produce  an  effective  focal  length  of  the  gaseous  medium  which  is  comparable  to  the  chamber  length.  Quantitative 
understanding  of  the  temporally  and  spatially  varying  refractive  index  gradients  in  nuclear-reactor-pumped  lasers  is  thus  essential  to  the 
analysis  of  resonator  stability,  mode  selection,  adaptive  optics  compensation,  and  other  optics- related  iss\ies. 

Since  the  refractive  index  in  a  gas  is  related  to  the  mass  density,  it  is  necessary  to  simulate  the  motion  of  the  gas  within  a  nuclear- 
reactor-pumped  la,ser  in  order  to  determine  the  refractive  index  field.  An  additional  benefit  of  such  a  simulation  is  the  determination  of 
the  power  density  field  IhroUoLout  the  chamber.  This  is  an  important  quantity  since  the  amount  of  laser  power  that  can  be  extracted  from 
the  medium  depends  on  the  power  density  within  the  mode  volume.  Moreover,  the  spatial  variation  of  the  power  density  field  is  related  to 
the  mass  density  field  in  a  complex  manner.  As  the  gas  moves  and  the  mass  density  field  changes,  the  power  density  field  is  also  modified 
since  the  power  density  at  a  point  depends  on  both  the  mass  density  at  the  point  and  the  average  mass  density  between  the  point  and  the 
fission-fragment  source,  so  a  “static  gas"  calculation  of  the  power  density  field  ran  be  significantly  in  error,  especially  when  the  deposited 
energy  is  larger  than  the  thermal  energy  originally  present  in  the  gas.  Thus,  the  consideration  of  gasdynamic  effects  is  essential  for  correct 
prediction  of  the  power  density  field. 


2.  The  Model  Problem 

Consider  a  gas  obeying  the  perfect  gas  law  and  having  constant  specific  heat.  The  gas  is  initially  motionless  and  thermodynamically 
uniform,  and  its  viscosity  and  thermal  conductivity  are  assumed  to  produce  negligible  effects  over  times  and  distances  of  interest  The  gas 
IS  enclosed  in  a  symmetric  rectangular  box  or  cylinder  (see  Fig.  1).  The  half-width  or  radius  is  denoted  by  L.  the  coordinate  along  this 
direction  by  r,  the  height  by  H  (H  L  for  most  geometries  of  interest),  and  the  coordinate  along  this  direction  (the  laser  axis)  by  z  The 
problem  is  assumed  to  be  two-dimensional  variations  in  thermodynamic  properties,  energy  deposition,  and  gas  motion  are  not  allowed 
in  the  y-directlon  for  a  rectangular  box  or  in  the  0-direction  for  a  cylinder. 

Some  portions  of  the  side  walls  of  this  enclosure  are  covered  with  thin  coatings  of  fissionable  material  railed  foils.  When  the  enclosure 
is  irradiated  with  a  flux  of  thermal  neutrons  from  a  nuclear  reactor,  the  foils  emit  fission  fragments  into  the  gas,  as  shown  in  Fig.  1  'f'he 
fission  fragments  follow  straight-line  trajectories  after  creation,  the  origins  of  the  trajectories  are  distributed  uniformly  throughout  the  foil 
volume,  and  the  trajectories  are  i.sotropirally  distributed  in  .solid  angle  "  ^  To  find  the  fission-fragment  power  density  Q{j.  z,  t)  at  a  point 
within  the  gas,  an  integral  which  sums  up  the  ronlnbiilions  dQ  at  the  point  (r,  z)  at  time  t  from  each  dX'  of  foil  material  is  performed 
over  the  foil  volume. 

The  power  that  an  individual  fission  fragment  ran  deposit  at  a  given  point  in  the  chamber  is  not  a  rorislaiil  Rather,  it  is  projiortionai 
to  the  mass  density  at  the  point  and  also  depends  on  the  line  integral  of  the  ma.ss  density  along  the  fission-fragment  trajectory  through 
the  gas,  /  pds,  where  ds  is  the  incremental  path  length.  This  results  from  the  fact  that  fission-fragment  energy  deposition  in  a  gas  is 
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characterized  by  a  length  scale,  called  the  range,  which  is  inversely  proportional  to  the  mass  density:  I  p.  where  and  pt,  are  tin- 

range  and  the  mass  density,  respectively,  for  the  gas  in  its  initial  stale  (the  product  lop,,  is  a  constant  for  a  gas  of  given  rornposjtjon).  (ias 
near  a  wall  with  a  foil  absorbs  more  energy  than  gas  further  away  (the  leiigtli  scale  of  comparison  is  tlie  range)  The  pressure  gradients 
which  result  from  this  nonuniform  energy  deposition  act  to  accelerate  gas  away  from  the  foil.  Near  the  foil,  the  mass  density  and  hence 
the  power  density  which  drives  the  motion  are  reduced  by  the  gas  motion  as  time  passe*?  Thus,  the  gas  motion  and  the  energy  deposition 
are  strongly  coupled  through  the  mass-density  dependence  of  the  range. ^ 

The  following  steps  are  necessary  to  evaluate  the  power  density  at  a  point.  For  each  grid  point  at  each  time  step,  perform  the  volume 
integral  over  the  foil.  For  each  dl'  in  the  volume  integral,  perform  the  integral  / pds  from  dX’  to  the  grid  point  along  the  trajectory  (note 
that  this  involves  interpolating  the  mass  density  field  since  most  fission-fragment  t  rajectories  do  not  intersect  grid  points)  In  act  uaiity.  surfi 
a  calculation  is  too  computationally  intense  to  he  pra-liral.  However,  for  the  high-symrnetry  geometries  discussed  above,  if  the  neutron 
flux  (which  induces  the  fissions)  and  the  mass  density  vary  slowly  in  the  ^-di^e^tior^  with  respect  to  /,)  (usually  a  very  good  assumption), 
then  the  full  integral  calculation  can  be  replaced  locally  by  a  one-dimensional  calculation. 

The  equations  to  be  solved  are  given  below. 
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The  quantities  u,  p,  p,  e,  and  q  represent  the  velocity,  mass  density,  pressure,  energy  per  unit  mass,  and  specific  heat  ratio,  respectively 
Merc,  Qn  is  the  amplitude  of  the  power  density  (essentially  the  amplitude  of  the  neutron  fiux  multiplied  by  a  constant  scale  factor)  and 
has  units  of  power  per  unit  volume.  The  dimensionless  functions  h(t)  and  9(2)  describe  the  temporal  and  spatial  (along  a.  ia.ser  axis) 
variation  of  the  neutron  flux.  It  is  through  the  function  g{z)  that  two-dimensionality  is  introduced  into  the  problem  —  the  problem  is 
one-dimensional  when  g{z)  -  1  The  dimensionless  function  /  describes  the  variation  of  the  power  density  in  the  ir-direction  and  as  such 
depends  on  the  values  of  the  mass  density  at  all  points  (1.2),  where  i  represents  any  i-value  between  0  and  L.  It  is  largest  at  the  wall 
(x  L),  and  ha.s  a  minimum  at  the  centerplane  (x  0),  about  which  it  is  symmetric.  The  shape  of  /  depends  on  the  parameter  L/ln  in 
the  following  way.  When  L/Iq  is  small,  the  amplitude  of  /  is  small  and  /  is  relatively  uniform  [df  jdx  <?;  j / L  everywhere).  This  i.s  because 
the  fission  fragments  easily  traverse  the  chamber.  As  is  increased,  the  fission  fragments  cannot  travel  far  into  the  gas,  so  the  minimum 
of  /  becomes  relatively  deep  {df  /di  :S>  f  /  L  near  the  wall),  Ihe  precise  details  of  the  function  /  have  been  published  elsewhere.*  *  The 
boundary  condition  corresponding  to  no  flow  of  conserved  quantities  across  the  boundary  is  ti  n  -  0,  where  n  is  the  unit  vector  normal 
to  the  boundary. 

Equations  (I)  through  (.1)  are  convective  equations  in  a  conservative,  Rulerian  (nondissipative)  form.  The  numerical  technique  used  to 
solve  such  a  system  should  be  conservative,  stable,  accurate,  and  monotonic.  In  the  last  decade,  a  number  of  numerical  techniques  have  been 
devised  that  possess  all  four  of  these  characteristics  for  multidimensional  flows  Examples  are  Eliix-Corrected  Transport  (FCT),''  '•  the 
Piecewise  Parabolic  Method,  and  the  Total  Variational  Diminishing  technique.  Strong  evidence  now  exists  demonstrating  the  superiority 
of  these  techniques  over  traditional  methods  such  as  MacCormack,  l,ax-\Vendroff,  and  upwind  differencing.'’  Equations  (2)  through  (  I)  are 
solved  in  the  simulations  presented  below  using  FCT. 


If  A  Representative  Simulation 

Consider  pure  argon  initially  having  a  pressure  of  .W  kPa  and  a  temperature  of  300  K.  Under  these  conditions  the  fission  fragments  will 
have  a  range  slightly  under  .3  cm  in  the  ga.s,''  ^  The  gas  is  contained  in  a  rectangular  box  with  a  centerplanr-to-wall  distance  of  -  I  cm 
and  a  distance  along  the  Ia.ser  axis  of  H  300  cm.  'I'he  r-dimensioii  was  chosen  so  that  the  ratio  Llln  would  hr  about  0  2.  When  this  ratio 
is  between  0.2  and  0.3.  it  is  found  that  the  power  deposited  at  the  centerplane  is  maximized,  as  shown  in  Fig.  2  (it  is.  however,  altrayf  a 
minimum  with  respect  to  the  power  density  at  other  locations  in  the  chamber)  The  2-dimension  was  chosen  to  lie  extremely  long  for  two 
reasons.  The  first  is  to  allow  the  ga.s  flow  in  the  vicinity  of  2  I.W  cm  to  remain  one-dimensional  (unperturbed  by  eud  elfects)  during  the 
entire  pulse  The  calrulated  gas  flow  in  this  region  may  then  he  compared  to  Ihe  one-dimensional  analytical  theory  **  The  second  reason  is 
to  illustrate  the  length  limitation  placed  on  //  by  the  mass  density  variation  in  the  t  direcliou. 

The  fission  fragments  come  from  13..")  /nn-thick  UsOs  foils  extending  from  2  .uO  cm  to  2  2.')n  cm  on  Ihe  side  walls  The  foil  thiekiiess 

was  chosen  arbitrarily  to  correspond  to  the  maximum  distance'  a  fission  fragment  ran  travel  within  UsOf,.  Since  Ihe  foils  do  not  extend 
the  enlir'’  length  of  the  enclosure,  there  will  be  very  little  energv  deposition  in  the  lop  and  bottom  .30  cm.  Thus,  the  function  g(z)  will  be 
almost  zero  from  0  cm  to  .30  cm  and  from  230  cm  to  300  cm  and  be  almost  unity  from  .30  cm  to  230  rm  in  this  rase  The  function  /i(t). 
w  hirl,  describes  the  time  dependence  of  the  pulse.  Is  chosen  for  simplicity  to  he  unity  for  times  between  0  ms  and  I  ms  (inclusive)  .and  zero 
at  all  other  times  The  function  f{x)  at.  I  0  ms  is  shown  in  Fig.  3  A  value  of  ()■(  kW.'ml  was  selected  for  Ihe  quantity  Qn.  With  these 
parameters,  the  pulse  will  deposit  0  3  ,1/ml  on  average  in  the  gas 

Figures  1  and  .3  show  the  mass  density  and  the  power  density  in  the  gas  at  2  130  rm  for  several  different  limes  Note  as  exprrlefi 

that  the  gas  is  moving  toward  the  centerplane  If  an  infinite  amount  of  energy  were  deposited  in  the  gas,  the  mass  density  field  would  reach 
a  limiting  profile  (shown  in  F’lg,  1  as  a  dashed  ciirve).  The  power  density  lirhl  corresponding  to  this  m.ass  fiensily  field  is  uniform  (shown 
in  Fig.  .3  as  a  dashed  curve):  at  this  point  further  modifications  of  the  mass  rleiisity  are  no  longer  possible  since  these  modifications  are 
driven  by  the  spatial  nonuniformity  of  the  power  density  field  In  Ihe  above  rase,  Ihe  limiting  profiles  have  not  been  closely  approached 
by  the  end  of  the  pulse  even  though  Ihe  amount  of  energy  deposited  is  about  ten  times  the  thermal  energy  originallv  presrnl  in  the  gas 
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Further  addition  of  energy  would  drive  the  mass  density  and  power  density  Helds  closer  to  thcnr  asym|>totir  limiis.  hut  the  a|)[>roarhes  \m1I 
be  slow,  as  indicated  by  the  figures.  Figures  6  and  "  show  the  calculated  mass  density  and  power  densil  v  fields  m  t  fie  gas  at  z  1)0  cm 
and  i  -  1  ms  compared  to  the  analytical  theory  ^  The  agreement  i)etweeri  theory  and  computation  is  exeelhuil  Figures  8  and  0  show  ilic 
results  of  ray-tta^ine  calculations  at  ().")  ms  (halfway  througli  the  pulse)  and  I  ins  At  0.5  ms  t  lie  me<liun,  lia''  an  »‘tr<*e!ive  focal  Iciigtli  of 
about  170  cm.  aud  at  I  ms  this  length  has  decreased  \o  roughly  80  ...ii.  'Fhus.  given  the  gas  and  [)um[)ing  (onditions  of  this  case,  o  would 
be  diflicult  to  build  a  device  exceeding  a  meter  or  so  in  length. 

'1.  Rectangular  vs.  (.‘yliiidrical  (Ie<irnetries 

It  is  instructive  to  invest igat e  the  differeners  between  rect angular  and  cylindrical  geometries,  especially  since  no  analytical  t  lieory  exist s 
for  the  cylindrical  case.  Consider  argon,  initially  at  200  kl’a  and  ,'^Ot)  K.  The  gas  is  contained  either  in  the  reriangular  box  df'srrihed  above 
or  in  a  cylinder  with  a  radius  of  i  1  cm  and  a  height  of  H  -  300  cm  The  fission-fragment  range  will  now  he  sli,  .,tly  f)vrr  1  cm.  so  the 
fission  fragments  can  dist  barel  v  traverse  the  dist ance  from  t he  wall  to  t he  c<  nterplane  nr  the  axis.  'Fhe  funct  ion  /  ai  /  0  rns  is  shown  for 

both  geometries  in  Fig.  10.  Note  that  initially  the  cylindrical  /  function  is  everywhere  greater  tlian  the  rectangular  /  function  (a  point  m 
the  cy hnder  interior  is  near  to  more  foil  than  is  a  point  in  the  interior  of  i  he  rectangular  box).  All  f)t  her  pro[)ert  les  of  t  he  (uiergy  rleposii  mn 
are  the  same  as  in  the  previous  section 

Figure  11  shows  the  power  density  for  both  cases  at  I  rns  (the  end  of  the  pulse).  Whereas  the  power  density  in  the  rectangular  rase 
has  become  more  spatially  uniform  everywhere,  this  is  not  the  situation  in  the  cylindrical  case.  Although  the  power  density  field  lias 
flattene<i  out  near  the  wall,  a  region  near  the  cylinder  axis  is  now  receiving  absolutely  no  power.  Tliis  axis-shielding  results  from  tin*  fact 
that  the  quantity  pdi  /  polo  increases  with  increasing  lime  for  the  cylindrical  case  by  virtue  of  mass  c(»nservat ion  (it  is  a  constant  Hir 
the  rectangular  case,^  also  by  virtue  of  mass  conservation).  When  this  quantity  exceeds  unity,  the  axis  is  shielded  from  receiving  furl  hi  r 
power.  The  on-axis  power  density  as  a  function  of  time  is  show' n  in  Fig.  12  for  both  cases  Although  cases  like  these  are  ru)l  likely  to  i  «• 
encountered  due  to  their  initially  low  on-axis  power  densities,  ray-tracing  calculations  are  shown  for  each  case  at  1  ms  in  Figs.  13  and  1  t 
The  large  amount  of  focusing  occurring  in  these  cases  is  symptomatic  of  the  relatively  deep  minimum  of  the  /  function  Phe  parameter 
spare  in  which  axis-shielding  occurs  has  not  yet  been  delineated.  Nevertheless,  current  numerical  work  suggests  that  it  is  necessary  (but 
not  sufficient)  for  fv/  fn  to  exceed  0.5  for  this  phenomenon  to  occur. 

5.  Simulation  of  Experiments 

The  simulation  of  one-di'.iicnsional  cases  provides  insight  into  the  interaction  of  the  gasdynamics  and  the  fission-fragment  energy 
deposition,  but  the  motivation  for  the  development  of  this  numerical  model  is  the  simulation  of  proposed  and  performed  experiments. 
In  most  experiments,  there  will  be  important  multidimensional  effects.  Such  effects  arise  mainly  from  two  sources.  The  first  involves 
the  finite  extent  of  the  foils.  Even  if  the  foils  lined  the  side  walls  of  the  enclosure  from  top  to  bottom,  points  within  roughly  /ti  of  the 
ends  would  receive  less  power  than  points  further  from  the  ends.  The  reason  for  this  is  that  these  end  points  “see"  a  smaller  foil  area 
The  consequences  of  this  effect  tend  to  be  minor  if  the  foil  dimensions  are  much  larger  than  /n  (typically  tlie  case).  'Fhe  second  source 
of  multidimensionality  involves  the  fact  that  in  some  reactor  environments  the  neutron  flux  vanes  substantially  tliroughout  tlie  device. 
Typically,  most  of  this  variation  occurs  along  the  2-dirertion:  the  neutron  flux  tends  to  be  smallest  near  z  0  and  z  II  and  largest 
near  z  ///2,  so  again  the  ends  receive  less  power  than  the  middle  (as  an  example,  see  Fig.  15).  The  effect  of  such  variations  is  to  set  up 
pressure  waves  which  oscillate  back  and  forth  in  the  r-direction.  It  is  important  to  be  able  to  calculate  these  pressure  waves  accurately 
since  the  energy  deposition  is  usually  inferred  from  pressure  measurements  and  it  is  the  energy  defic)sition  which  determines  the  sr.ile  of 
the  mass  density  variations  produced  in  the  chamber.  Moreover,  the  flow  induced  by  these  pressure  variations  enhances  energy  transfer 
from  the  hot  gas  to  the  cold  walls,  further  affecting  the  mass  density  field  and  hence  the  refractive  index  gradients. 

An  experiment  wa,s  carried  out  at  the  following  conditions."'^  The  gas  was  argon,  initially  at  103  1  kl*a  and  3f)0  K.  The  enclosure  was 
rect  angular,  with  a  centerplane-to-wall  disi  ance  of  L  ~  0.75  cm  and  a  distance  along  the  la.srr  axis  of  H  -  '  0.5  crn.  fn  ( his  case  t  he  ratio 
L  lu  wa.s  about  0  within  the  optimal  range  of  values.  'Fhe  functions  g(z)  and  h(t)  for  I  his  experiment  are  -^hown  in  Figs.  15  and  16,  'Fhe 
amplitude  of  the  pumping  pulse  was  chosen  to  agree  with  experimentally  measured  pressure  rises  for  similar  cases  (a  sensitive  indicator  of 
average  energy  deposition).  Ir.  this  experiment,  laser  beams  from  a  probe  based  on  a  derivative  of  flie  llarfrnann  technique"^  were  direrted 
through  the  laser  chamber,  ente.ing  it  parallel  to  the  laser  axis  at  several  different  j'-loc.at  ions  'Fhe  angular  deflect um  of  each  })r<d)e  beam 
that  resulted  from  the  mass  dens'ty  variation  was  measured  as  a  function  of  liine."'^  Figure  17  shows  a  ray-tracing  (Hartmann  prob(’) 
ralrulatfon  after  the  bulk  of  the  energy  ha.s  been  deposited  tn  fhe  ga.s.  and  Figure  J8  «:how's  a  rnmparisnn  f)r  the  exf^ermienl all)  measured 
angular  deflertions  arnl  the  calcu’ated  values  'Fhe  agreement  is  go«)(l  for  all  probe  bcam'^  and  is  jiart  irularly  good  f''r  p-obe  beams  filtering 
the  rharnoer  near  fhe  c^nterplene 


6.  (’onclusions 

A  niimeriral  rnodfl  of  two-dimensional  gas  flow  in  miclear-reaclor-puinped  lasers  has  lieen  developef)  ’Fhe  rnoiifl  «  an  simulate  red  an¬ 
gular  and  rylindri,  al  geometries  Model  iiriuiations  anti  availal)le  analyf ical  results  are  in  excellent  agreement.  'Ffie  ra\-tra(  ing 

raf)abiiif  les  are  useful  in  delineating  length  limits  on  lasr.  ciianibers  resulting  fr<mi  focusing  [)rf)du(ed  by  massderisilv  •.irialions  ,\\is- 
shielding.  a  new  [)hysiral  effert  orrurring  in  certain  eylmdrical  rase.s,  has  lieen  discovere<l  riumerirally,  and  an  ap,';.)Mmat('  stramt  fur 
the  onset  of  this  pbenon!enf)n  lias  fa-eri  determined  Finally,  sinmlat.ions  f»f  experiments  are  able  lo  reprodiKo-  '-x  [urimeiii  alK  measured 
refract ’ve  index  data. 
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Figurr  1  The  lasing  gas  is  rontainrrl  in  a  rortangular  or  rylirulnral 
onclosurr  (cross  section  shown).  Fission  fragments  original.e  in  thin 
foils  of  fissionable  material  on  the  side  walls  of  the  ctiamber  and 
deposit  energy  In  tlie  adjacent,  gas-fdled  region. 


Figure  2.  'fhe  maximum  power  that  ran  be  obtained  at  the  center- 
plane  for  a  specified  geometry  (proportional  to  /(t^))  occurs  when 
the  length  rat.io  fj  ln  is  hetw’een  f  2  and  3 
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Power  Density  (kW/ml) 


Figure  3,  The  function  /(z)  at  t  =  0  ms  (p  =  Po)  describes  the  mass  density  field,  initially  uniform,  evolves  smoothly 

centerplane-to-wall  variation  of  the  energy  deposition.  m-^r^asing  energy 

^  deposition.  The  curves  shown  are  at  0.00  ms  (uniform  mass  density), 

^  I  ~  I  0.25  ms,  0.50  ms,  0.75  ms,  and  1,00  ms. 


0.0  0.2  0.4  0.6  0.8  1.0 

X  (cm) 

Figuro  5  Thr  power  density  field,  initially  possessing  a  deep  mini¬ 
mum.  evolves  smoothly  toward  the  uniform  limiting  profile  (dashed 
rurve)  with  increasing  energy  deposition.  The  curves  shown  are  at 
0  on  rns  (deepest  minimum),  0  25  rns,  0.50  ms,  0  75  rns,  and  1 .00  ms. 
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Figure  6.  Analytical  and  numerical  values  of  the  mass  flensity  at 
/.  -  1.0  ms  and  z  150  cm  are  in  excellent  agreement 
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Figure  7.  Analytical  and  numerical  values  of  the  power  density  at 
(  -  1.0  ms  and  z  --  150  cm  are  in  excellent  agreement. 
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Figiirr  0  l.,ight  rays  ontpring  thr  gas  parallnl  to  thr  r-axis  (Ifartmann 
proho)  arr  floflnrtpfl  f>y  tho  rriass  donsity  gradionts.  At  1.0  ms  thr 
offprhvr  fora!  iongth  is  about  80  rm  although  thrrr  arc  signihrant 
higher  order  aberrations. 
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Figure  8.  Light  rays  entering  the  gas  parallel  to  the  2-axis  (Hartman 
probe)  are  deflected  by  the  mass  density  gradients  At  0.5  ms  the 
effective  focal  length  is  about  170  cm. 
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Figure  10.  The  function  /(i)  at  /  0  ms  {p  pn)  is  shown  for  both 

the  rectangular  (solid  curve)  and  cylindrical  (dashed  curve)  cases 
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Figure  1 1  The  power  density  at  1  ms  is  shown  for  both  the  rectan¬ 
gular  (solid  curve)  and  cylindrical  (dashed  curve)  cases.  Note  that 
in  the  cylindrical  case  there  is  a  region  around  the  axis  that  receives 
no  power  (axis-shielding). 
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Figure  12.  The  power  density  at  x  =  0  is  shown  as  a  function  of  time 
for  both  the  rectangular  (solid  curve)  and  the  cylindrical  (dashed 
curve)  cases.  The  on-axis  power  density  is  initially  higher  for  the 
cylindrical  case  but  falls  below  that  of  the  rectangular  case  around 
0.2  ms  and  vanishes  at  0.4  ms. 
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Figure!  15,  The  function  g(z)  describes  the  spatial  variation  of  the 
energy  deposition  along  the  laser  axis. 


Figure  16  The  function  h{t)  describes  the  temporal  variation  of  the 
energy  depo.sition 


X  DISTANCE  (CM) 

Figure  17.  A  sample  ray-tracing  (Hartmann  probe)  calculation  per¬ 
formed  at  I  ms  (most  of  the  energy  has  already  been  deposited).  The 
rays  end  at  30.5  cm,  which  is  the  chamber  length. 

O 


Time  (ms) 

Figure  18  The  experimentally  measured'^  angular  deflections  of 
probe  laser  beams  passing  through  the  chamber  (Hartmann  probe) 
are  in  good  agreement  with  the  calculated  values.  The  circles,  tri¬ 
angles,  crosses,  and  diagonal  crosses  are  experimental  data  corre¬ 
sponding  to  probe  beams  entering  the  chamber  at  r-locations  of 
0,15  cm,  0  .80  cm,  0  45  cm,  and  0.60  cm,  respectively  The  chain- 
dashed,  chain-dotted,  dashed,  and  dotted  curves  arc  the  numerical 
results  for  the  same  locations,  respectively. 
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Abstract 


Radiation  effects  on  the  optical  components  of  a  Nuclear  Pumped  Laser  (NPL)  system  can 
significantly  impact  the  development  of  an  NPL.  For  example,  gain  measurements  of  an  NPL 
medium  can  be  del eteri ously  affected  by  transient  radiation-induced  absorption  in  the 
window  and/or  substrate  materials  of  the  system.  Estimates  indicate  that  this  effect  can 
reduce  the  relative  gain  in  a  typical  NPL  system  form  1.4  to  below  1.0.  The  transient 
radiation-induced  absorption  in  Corning  7740  (Pyrex)  and  Corning  7940  (fused  silica) 
resulting  from  neutron  and  y-ray  irradiation  has  been  investigated.  Absorption  co- 
effecients  have  been  measured  at  632.8  nm  for  Pyrex  and  at  325  nm  for  fused  silica  during 
and  after  pulsed  reactor  (TRIGA)  irradiation.  The  absorption  coefficient  increases  rapidly 
to  a  maximum  value  during  pulse  irradiation,  then  decreases  over  a  time  period  of  >  1000  s 
to  a  permanent  value  after  the  pulse.  In  general,  the  maximum  absorption  coefficient 
increases  with  increasing  accumulated  dose  and  decreases  with  increasing  temperature. 


Introduction 


Optical  components  of  Nuclear-Pumped  Laser  (NPL)  systems  may  be  exposed  to  intense 
neutron  and  y  radiation  environments.  The  radiation-induced  absorption  (a)  in  the  window 
and  substrate  materials  resulting  from  pulsed  irradiation  can  have  a  great  impact  on  the 
optical  performance  of  those  materials.  Typically,  a  reaches  a  maximum  value  (oi^ax) 
during  pulsed  irradiation  and  then  decreases  to  an  asymptotic  permanent  value  afterwards. 
This  phenomena  can  lead  to  a  significant  error  in  gain  measurements  in  the  development  of 
pulsed  NPL  laser  systems  unless  corrections  are  made  for  the  transient  radiation-induced 
absorption.  In  addition,  laser  operation  itself  can  be  severely  effected. 

A  schematic  of  the  mechanisms  involved  in  radiation-induced  absorption  mechanisms  is 
given  in  Figure  1.  Excellent  review  papersl»3  on  these  mechanisms  have  been  published 
elsewhere  and  therefore  only  a  brief  description  of  the  processes  involved  will  be 
discussed  here. 

Radiation-induced  absorption  is  ultimately  due  to  the  formation  of  color  centers. 

Y-rays  interact  with  the  material  to  produce  Compton  electrons  and  the  neutrons  interact  to 
produce  secondary  electrons.  At  the  same  time,  the  neutrons  and  Compton  electrons  cause 
atom  displacements  to  create  defects  in  the  material  through  momentum  transfer.  The 
Compton  and  secondary  electrons  interact  with  the  material  to  generate  electron-hole 
pairs.  The  electron-hole  pairs  can  also  recombine  non-radi ati vely  to  create  defects. 

The  electrons  or  holes  then  become  trapped  at  the  radiation-created  defects  of  inherent 
defects  to  form  color  centers. 

The  results  of  selected  previous  efforts  on  the  radiation-induced  absorption  in  optical 
materials  are  summarized  in  Table  1.  The  results  of  this  investigation  are  included  in  the 
table  for  comparison  with  previous  results,  however  only  general  comparisons  can  be  made 
since  there  exists  no  data  to  enable  direct  comparisons  can  be  made  since  there  exists  no 
data  to  enable  direct  comparisons.  The  borate  glass  has  a  composition  of  50%  B2O3,  30% 
Na20,  and  20%  Al-Ug  and  is  useful  in  comparing  Pyrex  with  fused  silica  since  Pyrex  has  a 
composition  of  81%  Si02,  13%  B2O3,  4%  Na20,  and  2%  AI2O3;  and  fused  silica  has  a  com¬ 
position  of  100%  Si02.  Most  of  the  earlier  efforts  concentrated  on  the  permanent  absorp- 
tionl»2,3  resulting  from  low  dose  rate  steady-state  irradiations.  Prior  studies  of  the 
transient  radiation-induced  absorption  in  optical  materials  resulting  from  pulsed  irra¬ 
diation  have  been  made  at  215nm^  and  at  257nm5.  The  present  study  focuses  on  the  transient 
radiation-induced  absorption  at  325  nm  in  fused  silica  (Corning  7940)  and  at  632.8  nm  in 
Pyrex  (Corning  7740)  as  a  result  of  pulsed  reactor  (TRIGA)  irradiation.  The  radiation 
characteristics  of  a  TRIGA  reactor  pulse  are  given  in  Table  2. 

The  following  example  illustrates  the  effect  of  transient  radiation-induced  absorption 
on  gain  measurements  in  an  NPL  media.  Gain  measurements  of  the  XeF*  351  nm  wavelength 
transition  in  a  nu c 1 ea r-pumped  3He/Xe/NF3  media  have  been  made  at  the  SPR  III  reactor  at 
Sandia  National  Laboratory,  Albuquerque,  NM.H  The  peak  relative  gain  (I/Ig)  was  reported 
to  be  1.4  corresponding  to  an  optimum  peak  gain  of  0.007  cm’l  for  a  laser  cell  length  (L) 
of  48  cm. 


I/Iq  =  exp  (yL) 
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Table  2.  TRIGA  Reactor  Pulse  Characteristics 


Table  1.  Previous  Work  on  Radiation-Induced  Absorption^ 


“max 

\ 

Dose 

Radiation 

Dose 

Dose 

(nm) 

Ha^griat 

Source 

Ml 

1.16 

.22* 

633 

Pyrex 

0.5 

Triga 

pres. 

Reactivity  {S) 

3.00 

— 

.  14 

6.0 

study 

.014 

.0002* 

325 

Fused 

0.5 

Triga 

pres. 

— 

.0002 

Silica** 

7.5 

study 

Peak 

.15 

.07* 

215 

Fused 

0.5 

Triga 

4 

— 

.04 

Silica 

150 

Electrons 

7  Dose  Rate  (HRad/s) 

35 

2.17 

.75 

257 

Fused 

.05 

SPR  III 

5 

Thermal  Neutron  Flux  (n/cm^s) 

4.3X10^^ 

1.35 

.  57 

Silica 

.03 

Fast  Neutron  Flux  (n/cm^s) 

4.0X10^® 

.036 

215 

Cryst. 

60 

®0Co 

6 

— 

.025 

257 

Quartz 

— 

.022 

325 

— 

.018 

633 

Total 

_ 

.25 

215 

Borate 

12 

6  0Co 

7 

— 

.  31 

257 

Glass 

7  Dose  (MRad) 

0.50 

— 

.40 

325 

6.2X10^^ 

— 

.  13 

633 

Thermal  Neutron  Fluence  (n/cm^) 

_ 

.04 

215 

Fused 

40 

«oco 

8 

Fast  Neutron  Fluence  (n/cm^) 

5.7x10^^ 

— 

.01 

257 

Silica 

— 

.005 

325 

— 

.031 

215 

Fused 

260 

*®Co 

9 

Pulse  Width  FWHM  (ms) 

13 

— 

.009 

257 

Silica 

— - 

.001 

325 

— 

.044 

215 

Fused 

10 

«oco 

10 

— 

.029 

257 

Silica 

— 

.003 

325 

‘’max  ~  tnaxiauB  absorption  measured  during  reactor  pulse. 

-  permanent  absorption. 

•  -  absorption  measured  1000  s  after  the  reactor  pulse. 

**  -  all  fused  silica  in  table  is  type-Xll  (<  1200  ppm  OH), 
t  -  room  temperature  irradiations  and  absorption  measurements. 


The  transient  radiation-induced  absorption  in  fused  silica  (Corning  7940)  was  also 
measured  at  the  SPR  III  reactor  at  Sandia  National  Laboratory,  Albuquerque,  NM.5  The  mini 
mum  transmission  (T,To)  at  257  nm  was  reported  to  be  76%  corresponding  to  a  maximum  absorp 
tion  of  0.11  cm'l.  Typical  fused  silica  end  windows  used  in  these  gain  measurement 
experiments  were  0.5  in.  thick  (t). 


T/Tq  =  exp  -  (at) 

Thus,  the  transient  radiation- induced  absorption  in  the  end  windows  would  reduce  the 
measured  relative  gain  ((I/Io)meas)  '' f  this  example  from  1.4  to  below  1.0. 

(I/Io)meas  =  exp  (yL)  exp  -  (at) 


Expert  mental 


A  schematic  of  the  experimental  set-up  used  for  the  measurement  of  the  transient 
radiation-induced  absorption  in  fused  silica  is  given  in  Figure  2.  A  sample  of  fused 
silica  was  placed  in  a  multi-pass  optical  cavity  which  was  then  positioned  adjacent  to  the 
reactor  core  in  the  through-port  of  the  TRIGA  reactor.  The  multi-pass  cavity  utilizes  a 
Lissainii-tyno  r-p^nnatnr  wbirh  increases  the  sensitivity  of  the  absorption  measurements  «40 
times  due  to  an  increase  in  path  length  through  the  sample.  A  diagram  of  the  multi-pass 
cavitiy  is  given  in  Figure  3.  The  mirrors  are  uv-enhanced  aluminum  and  the  lens  is  fused 
silica.  These  materials  were  chosen  to  minimize  the  effects  of  the  pulsed  irradiation  on 
the  performance  of  the  cavity. 

Laser  light  from  a  He-Cd  laser  with  a  wavelength  of  325  nm  was  directed  through  the 
sample  and  multi-pass  cavity.  The  output  of  the  multi-pass  cavity  was  then  measured  by 
photodiode  detectors  and  stored  on  a  digital  oscilloscope.  A  narrow  band-pass  filter  (Ay 
2.5  nm)  was  used  to  reduce  the  background  signal  due  to  the  fluorescence  of  the  sample.  A 
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laser  reference  signal  was  obtained  by  splitting  the  laser  beam  before  it  entered  the 
multi-pass  cavity  to  correct  for  any  changes  in  laser  output. 

The  effects  of  the  pulsed  irradiation  on  the  multi-pass  cavity  optics  itself  were 
determined  and  found  to  account  fo  3%  of  the  total  maximum  absorption  measured  during  the 
reactor  pulse  and  75%  of  the  total  absorption  measured  at  a  time  of  1000  s  after  the  reac¬ 
tor  pulse.  The  absorption  attributed  to  the  cavity  optics  was  subtracted  from  the  total 
measured  absorption  to  yield  the  absorption  coefficients  reported  for  fused  silica. 

A  parametric  study  of  the  transient  radiation-induced  absorption  in  Pyrex  was  conducted 
prior  to  the  absorption  measurements  in  fused  silica  in  order  to  identify  the  dominant  pro¬ 
cesses  involved.  The  experimental  set-up  used  for  Pyrex  was  very  similar  to  that  used  for 
fused  silica.  However,  the  multi-pass  optical  cavity  was  not  required  for  these  measure¬ 
ments  due  to  the  much  larger  absorption  coefficients  characteristic  of  Pyrex.  A  He-Ne 
laser  was  used  to  provide  the  632.8  nm  laser  light  and  a  dielectric  mirror  with  a  maximum 
reflectivity  at  632.8  nm  was  used  to  reduce  the  background  fluorescence  signal.  The 
effects  of  temperature  on  the  transient  absorption  in  Pyrex  was  investigated  by  maintaining 
the  Pyrex  at  an  elevated  temperature  during  and  after  the  reactor  pulse.  This  was  achieved 
by  wrapping  the  Pyrex  with  resistive  heating  tape  and  monitoring  the  temperature  with 
thermocoupl es . 


Results 


The  radiation-induced  absorption  (a)  in  fused  silica  at  325  nm  as  a  function  of  time 
for  a  room  temperature  pulse  is  given  in  Figure  4.  a  reaches  a  maximum  value  (amax) 

0.0070  cm"l  during  the  pulse  then  decreases  to  an  asymptotical  permanent  value  after  the 
pulse.  04(5  oioOO  ^re  the  absorption  coefficients  at  40  and  1000  s  after  the  pulse 
respectively,  and  are  labeled  on  the  curve  in  Figure  4.  For  the  fused  silica,  a  decreases 
to  0.0001  cm"l  at  a  time  of  1000  s  after  the  pulse.  This  corresponds  to  a  recovery  of  99%. 

The  transient  radiation-induced  absorption  in  fused  silica  at  325  nm  is  compared  to 
previous  work^  at  215  nm  in  Figure  5.  The  previous  work  was  done  on  the  same  material 
(Corning  7940)  and  at  the  same  reactor  (University  of  Illinois'  TRIGA).  At  215  nm,  a  is 
found  to  reach  a  maximum  of  0.077  cm'l  with  a  recovery  of  53%  tu  0.036  cm-1.  Since  these 
experiments  were  done  at  different  times  with  different  quality  Corning  7940  and  with  dif¬ 
ferent  experimental  apparatus,  there  remains  some  uncertainty  about  the  validity  of  this 
comparison.  However,  such  a  strong  wavelength  dependence  for  Oinax  '’s  expected  since  a 
similar  wavelength  dependence  has  been  observed  for  the  permanent  absorption  resulting  from 
low  dose  rate  steady-state  irradiations.  The  ratio  of  onox  215  nm  to  a^ax  325  nm  is 
11,  whereas  the  same  ratio  for  the  permanent  absorption  is  13.  The  latter  ratio  was 
obtained  from  averaging  the  three  sets  of  values  presented  in  Table  1  for  the  60co  irra¬ 
diations.  In  addition,  the  recovery  of  a  proceeds  slower  and  to  a  lesser  extent  at  215  nm 
than  at  325  nm.  These  results  suggest  that  different  color  centers  are  responsible  for 
absorption  at  325  nm  vs.  215  nm. 

The  radiation- induced  absorption  as  a  function  of  time  for  a  series  of  reactor  pulses 
is  given  in  Figure  6.  The  pulses  are  17  minutes  apart  with  a  dose  of  0.5  MR ad  each. 

Values  of  amax*  “40  •  3'^'*  “1000  each  pulse  in  the  series  of  pulses  shown  in  Figure  6  are 

given  in  Figure  7  as  functions  of  dose.  In  general,  a  increases  with  increasing  accumu¬ 
lated  dose.  If  the  color  centers  are  formed  at  the  inherent  defects,  a  would  saturate  with 
increasing  dose.  If  the  color  centers  are  formed  at  the  radiation-created  defects,  a  would 
be  linear  with  increasing  dose.  The  experimental  data  shows  a  combination  of  these  trends. 
At  low  accumulated  doses,  the  color  centers  responsible  for  ciniax  (the  short-term  color  cen¬ 
ters)  are  formed  at  both  the  inherent  and  radiation-created  defects.  At  high  accumulated 
doses,  the  short-term  color  centers  are  formed  at  only  the  radi at i on -c reat ed  defects. 

These  results  are  presented  in  terms  of  otnax/O.  “4o/0>  “lOOO/D  ^  Figure  8.  “loOO/O 

increases  with  increasing  dose  indicating  that  the  material  recovers  to  a  lesser  extent  as 
the  accumulated  dose  increases.  This  suggests  that  the  fused  silica  network  bonds,  broken 
in  the  creation  of  defects,  reform  to  a  lesser  extent  as  the  accumulated  dose  increases 
(ie.,  the  annealing  of  the  long-term  color  centers  decreases  as  the  accumulated  dose 
i ncreases ) . 

Some  features  of  this  data  can  be  clarified  by  considering  relative  changes  in  a  for 
each  pulse,  a'  is  defined  as  the  relative  absorption  coefficient.  It  measures  the  absorp¬ 
tion  as  a  result  of  one  pulse  in  a  series  of  pulses  and  is  normalized  with  the  transmission 
through  the  sample  just  prior  to  the  particular  pulse  of  interest,  a'  as  a  function  of 
time  is  given  in  Figure  9  for  a  sample  of  fused  silica  that  had  previously  received  1.0 
MRad  and  6.5  MRad.  At  the  lower  accumulated  dose,  a'  recovers  to  a  greater  degree  (99%) 
than  at  the  higher  accumulated  dose  (73%).  This  again  indicates  that  the  annealing  of  the 
long-term  color  centers  decreases  as  the  accumulated  dose  increases. 

The  value  of  a  in  Pyrex  at  633  nm  as  a  function  of  time  at  room  temperature  is  given  in 
Figure  10.  We  see  that  a  reaches  a  maximum  value  of  0.58  cm*l  during  the  reactor  pulse  and 
decreases  to  an  asymptotic  permanent  value  after  the  pulse.  At  a  time  of  1.5  s  after  the 
pulse,  a  has  decreased  to  0.28  cm'l.  The  radi at i on- i nduced  absorption  as  a  function  of 
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time  in  fused  silica  at  325  nm  and  in  Pyrex  at  633  nm  are  compared  in  Figure  11  in  terms  of 
a  normalized  a.  It  is  observed  that  a  for  Pyrex  decreases  to  0.11  cm-1  at  a  time  of  1000  s 
after  the  pulse  corresponding  to  a  recovery  of  81%.  Fused  silica  recovers  slower  but  to  a 
greater  extent  than  Pyrex.  The  recovery  for  fused  silica  initially  has  a  time  constant  of 
0.51  s  which  continuously  increases  to  a  value  of  870  s  at  a  time  of  1000  s  after  the 
pulse,  while  Pyrex  starts  out  with  a  time  constant  of  0.092  and  subsequentially  increases 
to  3000  s.  ^ 

The  value  of  ot^ax  Pyrex  at  633  nm  as  a  function  of  temperature  is  given  in  Figure 

12.  At  temperatures  above  150  °C,  a^ax  decreases  exponentially  with  increasing  tem¬ 
perature.  A  curve  fit  of  the  data  yields  the  equation. 

amax  =  0.3  exp  ( - T( “C ) /248 . 5 ) 

The  value  of  a'  for  Pyrex  as  a  function  of  time  after  a  reactor  pulse  (t  =  0 ,  a  =  o'^ax) 
at  various  temperatures  is  given  in  Figure  13.  These  curves  illustrate  the  effect  of  tem¬ 
perature  on  the  recovery  of  a'.  Pyrex  recovers  to  a  greater  degree  and  faster  at  higher 
temperatures.  Indeed,  a'  recovers  completely  for  temperatures  above  400  °C.  Figure  14 
shows  that  a  recovers  100%  within  60  s  at  a  temperature  400  °C. 

Transmission  spectra  for  fused  silica  prior  to  and  several  days  after  receiving  an 
irradiation  dose  of  7.5  MRads  are  given  in  Figures  15  and  16.  The  radiation-induced 
absorption  in  fused  silica  is  found  to  be  strongest  for  wavelengths  from  200  to  350  nm, 
much  weaker  for  wavelengths  from  350  to  700  nm,  and  negligible  for  wavelengths  over  700  nm. 
The  observed  transmission  spectrum  for  irradiated  optical  materials  is  a  summation  of 
several  individual  gaussian-shaped  absorption  bands  resulting  from  different  types  of  color 
centers.  Some  color  centers  responsible  for  radiation-induced  absorption  in  fused  silica 
have  been  identified.!  Perhaps  the  best  known  color  center  is  the  E’y  center  which  absorbs 
at  215  nm.  E'y  center  is  also  the  strongest  absorbing  color  center  which  can  be  seen  in 
Figure  15.  Other  color  centers  that  have  been  identified  are  the  E'p  and  the  Bp  centers 
which  absorb  at  225  nm  and  245  nm,  respectively.  In  addition,  there  is  a  color  center, 
which  is  ESR  inactive  and  thus  cannot  be  identified,  that  absorbs  at  260  nm. 

Transmission  spectra  for  Pyrex  prior  to  and  several  days  after  receiving  an  irradiation 
dose  of  6,0  MRads  are  given  in  Figure  17.  Color  centers  responsible  for  the  radiation- 
induced  absorption  in  Pyrex  have  not  yet  been  identified.  The  observed  transmission 
spectrum  for  irradiated  Pyrex  shows  that  it  absorbs  strongly  throughout  the  visible  wave¬ 
length  region,  decreasing  with  increasing  wavelength.  Comparing  the  transmission  spectra 
for  Pyrex  and  fused  silica  suggests  that  there  are  more  types  of  color  centers  formed  in 
Pyrex  than  in  fused  silica  during  irradiation.  This  result  would  be  expected  due  to  the 
more  comlex  composition  of  Pyrex. 


Concl usi ons 


The  transient  radiation- induced  absorption  in  fused  silica  (type-ill)  at  325  nm  and  in 
Pyrex  at  633  nm  has  been  investigated,  a  for  fused  silica  is  found  to  reach  a  maximum 
value  of  0.0070  cm"!  during  a  0.5  MRad  reactor  pulse  and  then  decreases  to  0.0001  cm"!  at  a 
time  of  1000  s  after  the  pulse.  This  corresponds  to  a  recovery  of  99%.  a  for  Pyrex  is 
found  to  reach  a  maximum  value  of  0.58  cm"!  during  a  0.5  MRad  reactor  pulse  and  then 
decreases  to  0.11  cm"!  at  a  time  of  1000  s  after  the  pulse.  This  corresponds  to  a  recovery 
of  81%, 

A  previous  study  of  rad i a t i on - i nduced  absorption  in  fused  silica  at  215  nm  found  that  a 
reached  a  maximum  value  of  0.077  cm"!  during  a  0,5  MRad  reactor  pulse  with  a  subsequent 
recovery  of  53%  to  0,036  cm"!.  The  fact  that  a  exhibits  such  different  behavior  at  the  two 
wavelengths  is  characteristic  of  absorption  by  different  color  centers.  The  recovery  of  a 
in  fused  silica  is  found  to  decrease  with  increasing  dose.  A  fresh  sample  recovers  99% 
after  pulsed  irradiation  and  only  73%  at  an  accumulated  dose  of  6.5  MRad.  This  suggests 
that  the  fused  silica  network  bonds,  broken  in  the  creation  defects,  reform  to  a  lesser 
extent  as  the  accumulated  dose  increases. 

Temperature  has  been  found  to  have  an  immense  effect  on  the  radiation-induced  absorp¬ 
tion.  The  maximum  radiation- induced  absorption  for  Pyrex  during  pulsed  irradiation 
decreases  dramatically  with  increasing  temperature.  The  value  of  n^ax  ^ s  found  to 
decrease  over  an  order  of  magnitude  from  0.58  cm-!  to  0.048  cm"!  as  the  irradiation  tem¬ 
perature  is  increased  from  room  temperature  to  450  °C.  Also,  a  for  Pyrex  recovers  to  a 
greater  extent  and  much  faster  as  the  temperature  increases.  Indeed,  Pyrex  is  found  to 
recover  100%  within  30  s  after  pulsed  irradiation  at  450  °C. 
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Radiation-Induced  Absorption 
is  due  to  the  Formation 
of  Color  Centers 


■y-rays  Neutrons 


Color  Centers 


Figure  1.  Schematic  of  radiation-induced 
absorption  mechanisms. 


Figure  2.  Schematic  of  experimental  set-up. 
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NARROW-LINEWIDTH  XeCl  LEAD  VAPOR  RAMAN  CONVERTER  LASER  SYSTEM 
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Abstract 


Narrow  linewidth  and  high  efficiency  conversion  of  stimulated  Raman  scattering  (SRS)  in 
lead  vapor  heat  pipe  was  observed  using  a  narrow  linewidth  and  injection  locked  XeCl 
excimer  laser  system  as  the  pump  source. 

The  XeCl  laser  was  continuously  tuned  over  its  entire  B-X  gain  curve,  from  the  (0-0) 
transition  to  the  (0-3)  transition,  giving  it  a  range  of  0.8  nm  (307.65  nm  to  308.45  nm) . 
The  laser  linewidth  was  narrowed  down  to  2  mA  (0.02  cm"').  The  output  energy  was  310 
mj/pulse,  with  repetition  rate  up  to  50  pps  and  good  beam  quality. 

A  lead  vapor  heat  pipe  operating  at  1225“c  was  used  as  a  single-pass  stimulated  Raman 
converter,  shifting  the  radiation  from  308  nm  to  -'59  nm.  Photon  conversion  efficiency  as 
high  as  75X  with  slope  efficiency  of  80%  was  achieved.  A  wavelength  control  system  was 
incorporated  to  lock  the  wavelength  within  2  mA. 

Introduction 


Stimulated  Raman  conversion  in  lead  vapor  heat  pipe  was  shown  to  be  an  efficient  process 
for  shifting  the  UV  radiation  of  XeCl  lasers  at  308  nm  to  459  nm'*^.  Photon  conversion 
efficiency  of  66%  was  obtained  for  a  free  running  of  XeCl  laser  with  pump  energy  level  of 
300  mJ/pulse-*. 

The  stimulated  Raman  process  is  even  more  efficient  for  the  injection- locked  and  narrow 
linewidth  operation  of  a  XeCl  laser.  Photon  conversion  efficiency  of  70%  in  the  forward 
direction  and  5%  in  the  backward  direction  was  obtained. 

The  pump  laser  is  an  injection  locked  XeCl  laser,  capable  of  providing  narrow  linewidth 
down  to  2  mA  and  tunable  over  a  range  of  8  A.  The  combination  of  master  and  slave 
oscillator  followed  by  a  single-pass  amplifier  provided  pump  energy  up  to  310  mj/pulse  and 
pulse  repetition  rate  of  5C  pps. 

'P'-:  Stokes  linewidth  corresponds  to  the  pump  linewidth  with  some  effect  of  gain 
narrowing.  There  was  no  evidence  of  Doppler  broadening  or  spectral  splitting  by  the 
different  lead  isotopes  of  ordinary  lead. 

The  laser  system^ was  made  to  overlap  and  lock  onto  the  atomic  resonance  adsr--,  tion  line 
of  Cs  vapor  at  ‘4593A. 

The  experiments  reported  in  this  paper  were  performed  using  a  lead  vapor  heat  pipe  as  a 
single-pass  Raman  oscillator. 


Experimental  Set-Up 


is  a  Lumonics  TE-861T-4  with  high  power  injection-locked  master/slave 
modified  for  wavelength  tunability  and  narrow  linewidth 
IS  a  lOO-cnj"'  F.S.R.  etalon  for  selecting 


•llator  contains 


The  schematic  diagram  of  the  experimental  setup  is  shown  in  figure  1.  The  first  XeCl 
excimer  laser 

electrode  assembly  that  was  i 
operation^ ’ ^  -  The  master  osci 
single  transition  in  the  XeCl  B-X  gain  curve,  an  8-cm" '  F.S.R.  etalon  for  line  narrowing 
down  to  0.01  A,  an  optional  etalon  of  0.8-cm"’  F.S.R.  for  obtaining  2-mA  linewidth,  a  3-mm 
aperture  for  mode  reduction,  and  a  flat  resonator  with  70%  output  coupler.  The  master 
oscillator  beam  is  then  injected  into  an  unstable  resonator  slave  oscillator  that  has  a 
magnification  of  4.5.  Since  both  the  master  and  slave  oscillator  are  triggered  by  the  same 
thyrotron,  the  delay  time  between  them  is  fixed  and  determined  by  the  ratio  of  the  peaking 
capacitorr;  banks  that  are  connected  in  series.  For  proper  locking  of  the  slave  oscillator, 
the  unstable  resonator  cavity  must  be  flooded  by  the  injected  beam  prior  to  the  excita¬ 
tion.  Ihe  output  beam  energy  of  the  master/slave  oscillator  is  65  mj/pulse,  pulse  duration 
FVIHM  of  20  ns,  and  the  beam  divergence  is  0.15  mrad.  The  collimated  beam  is  then  passed 
through  a  second  Lumonics  TE-861T-4  laser  with  high  energy  and  uniform  beam  electrode 
assembly  used  as  a  single  pass  amplifier.  Since  the  XeCl  amplifier  operates  below  the 
threshold  for  stimulated  emission  amplification,  the  properties  of  the  incoming  beam  and 
the  outgoing  beam  are  identical  with  the  exception  of  the  beam  energy  and  pulse  duration 
(40  ns  FWHM)  .  The  310  mj/pulse  was  obtained  for  an  input  beam  of  65  mj/pulse.  The  XeCl 


laser  system  can  operate  up  to  50  pps,  which  is  the  upper  limit  of  the  amplifier.  The 
master/slave  laser  can  operate  up  to  100  pps.  The  pump  beam  is  steered  and  focused  by  a  5- 
m  radius  concave  reflector  at  the  center  of  the  lead  vapor  heat  pipe.  The  lead  vapor 
region  is  90  cm  long  and  1"  in  diameter.  Xe  was  used  as  the  buffer  gas  at  total  pressure 
of  60  to  70  torr  at  1225"C-^. 


Experimental  Results 


The  XeCl  laser  system  was  used  mainly  as  a  10-mA  linewidth  ptimp  source.  Blocking  the 
beam  from  the  master  oscillator  allowed  a  direct  comparison  with  a  free  running  XeCl  laser 
operation. 

Figure  2  displays  the  optical  pulses  of  the  pump  UV,  the  Stokes,  and  the  transmitted  UV 
through  the  lead  vapor  heat  pipe.  Set  (a)  is  for  the  case  of  free-running  operation  and 
set  (b)  is  for  narrow  linewidth  operation.  The  spikes  on  the  traces  for  the  case  of  narrow 
linewidth  operation  are  due  to  mode  beating. 

The  narrow  linewidth  of  the  pump  beam  causes  a  significant  gain  enhancement  in  the  Raman 
cell.  The  threshold  level  of  conversion,  which  is  indicated  by  the  peak  value  of  the 
transmitted  UV  is  the  case  of  free- running  operation,  was  practically  eliminated  under 
narrow  linewidth  operation.  The  moderate  rise  of  the  transmitted  UV  toward  the  end  of  the 
pulse  is  believed  to  be  due  to  depletion  of  lead  atoms  in  the  ground  state  near  the  focal 
point. 

As  seen  in  figure  3,  the  improved  performance  of  narrow  linewidth  operation  is  very 
substantial.  Energy  conversion  efficiency  of  45X  in  the  forward  direction  and  5X  in  the 
backward  direction  was  obtained.  That  energy  conversion  efficiency  translates  to  75X 
photon  conversion  efficiency.  This  performance  is  about  5CX  better  than  that  for  the  case 
of  free-running  operation.  The  optimum  temperature  for  the  specific  experimental  apparatus 
was  1225°C.  At  lower  temperatures,  the  Raman  gain  is  smaller  as  a  result  of  a  lower  number 
density  of  lead  atoms;  while  at  higher  temperatures,  the  absorption  loss  by  lead  dimer  is 
higher^,  resulting  in  a  smaller  overall  gain. 

The  energy  conversion  efficiency  of  the  Stokes  beam  to  the  depleted  UV  beam  (UVin-UV 
transmitted)  exhibits  the  effect  of  lead  dimer  adsorption.  At  lower  temperatures,  below 
1150“c,  the  lead  dimer  adsorption  is  negligible;  therefore,  the  photon  conversion 
efficiency  is  100X.  As  the  temperature  increases,  the  lead  dimer  number  density  rises 
faster  than  the  lead  monomer  number  density.  As  a  result,  a  large  number  of  UV  photons  and 
Stokes  photons  are  lost  to  the  lead  dimer,  and  the  efficiency  of  (Blue/depleted  UV)  goes 
down.  In  the  case  of  narrow  linewidth  operation,  the  conversion  efficiency  of 
Stokes/depleted  UV  photons  should  be  100X  at  temperatures  below  1150‘C.  However,  since 
only  the  forward  Stokes  photons  were  measured,  the  efficiency  indicated  in  figure  3  is  a 
few  percentage  points  lower.  The  rates  of  decreased  conversion  efficiency  of  Stokes 
depleted  UV  with  temperature  for  narrow  linewidth  and  free-running  operations  are  slightly 
different.  For  a  free-running  operation,  a  smaller  number  of  UV  photons  are  being 
converted  to  blue  photons  compared  to  a  narrow  linewidth  operation;  therefore,  a  larger 
number  of  UV  photons  are  being  adsorbed  by  the  Pb2,  which  causes  a  slightly  steeper 
reduction  in  efficiency  with  temperature. 

Figure  4  shows  the  large  improvement  in  performance  under  narrow  linewidth  operation. 
The  slope  efficiency  for  both  types  of  operation  are  identical  (34X) ,  but  the  threshold  for 
conversion  that  exists  in  the  free-running  operation  causes  a  substantial  reduction  in 
performance,  in  particular  for  low-level  pumping. 


)^e  Raman  converter  contains  ordinary  lead  which  is  composed  mainly  of  three  isotopes 
(pb*”°,  23. 6X,  Pb^~',  22. 5X,  and  Pb^®”,  52. 3X)^.  The  energy  level  difference  between  the 
metastable  state  (''P2)  and  the  ground  state  (^Pq) .  which  constitutes  Raman  frequency 

shift,  is  very  similar  for  Pb^”®  and  pb^™  (0.001  ciCJ-  apart)'.  Pb^®'  has  a  splitted 
metastable  state.  The  energy  level  difference  for  Pb^*^'  does  not  coincide  with  that  of 
^007  The  observed  Stokes  spectrum  did  not  show  any  additional  structure  due  to 

Pb^®'.  Since  Pb^®'  composes  less  than  23X  of  the  lead,  each  of  its  metastable  state  number 


shift, 


metastable  state.  The  energy  level  difference  for  Pb^  '  does  noi 
^7n7  The  observed  Stokes  spectrum  did  not  show  any  addil 
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densities  represents  on^  10X.  Xhi 
number  densities  Pb'^'^  and  Pb^®° 
states  of 


may  not  be  sufficient  to  compete  with  the  combined 
resulting  in  Stokes  buildup  only  to  the  metastable 


The  dqppler  broadening  of  the  Stokes  beam  (459  nm)  was  calculated  to  be  <4  mA 
(0.01  cm~'),  taking  into  account  that  both  pump  and  Stokes  beams  propagate  in  the  same 
direction.  The  linewidth  diagnostics  showed  that  the  Stokes  linewidth  can  be  narrowed  down 
to  4  mA,  but  since  no  further  reduction  of  the  pump  linewidth  was  attempted,  the  Doppler 
broadening  of  the  Pb  vapor  was  not  measured  experimentally. 

The  Stokes  beam  quality  is  degraded  when  compared  to  the  pump  beam  quality.  There  are 
several  mechanisms  that  cause  beam  degradation. 
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1.  The  high-gain,  single-pass  Raman  oscillator  builds  up  the  Stokes  beam  from  noise. 
Since  the  stimulated  Raman  process  is  a  highly  nonlinear  process,  the  spatial  aiid  temporal 
intensities  are  not  uniform.-^ 

2.  The  interaction  length  necessary  for  the  Stokes  beam  to  build  up  and  the  pumping 
geometry  will  determine  the  Stokes  beam  divergence.  Pumping  levels  well  above  threshold 
will  generally  cause  an  Increase  of  tbe  Stokes  beam  divergence. 

3.  The  index  of  refraction  of  lead  in  the  metastable  state  is  higher  than  that  of  lead 
in  the  ground  state;  therefore,  optical  aberration  within  the  converting  medium  exists  too. 

4.  The  nature  of  heat-pipe  operation  dictates  an  interface  between  lead  vapor  and 
buffer  gas  mixture  in  the  hot  zone  and  pure  buffer  gas  in  the  cold  end  zones.  Since  the 
interface  exhibits  motion  and  the  index  of  refraction  is  different  on  either  side,  the 
interface  causes  mild  optical  aberration. 

The  XeCl  laser  was  tuned  to  the^ (0-3)  transition  so  the  Stokes  wavelength  would  match 
the  absorption  line  of  Cs  at  4593  A.  The  laser  system  was  stabilized  at  that  wavelength 
using  a  control  loop  that  tilted  the  intracavity  etalon." 

Conclusions 


Stimulated  Raman  scattering  in  lead  vapor  for  narrow  linewidth  XeCl  lasers  was  superior 
to  that  of  free-running  XeCl  laser.  Seventy-five  percent  photon  conversion  efficiency  was 
achieved  at  310  mj/pulse  of  piuap  energy  and  at  lead  vapor  temperature  of  1225°C.  That 
represents  an  improvement  of  30%  over  the  tree-running  operation.  The  threshold  level  for 
conversion  is  much  smaller  for  the  case  of  narrow  linewidth  operation,  so  Raman  conversion 
can  be  initiated  at  pump  intensities  of  <50  Mw/cm'^. 

Although  no  ordinary  lead  was  used,  the  blue  Stokes  output  was  not  broadened  by  the  lead 
istopes  or  by  Doppler  broadening.  The  blue  spectrum  output  was  slightly  narrower  than  that 
of  the  pump  UV  due  to  gain  narrowing. 

The  tunability  of  the  XeCl  laser  was  over  the  entire  B-X  gain  profile  (~8A).  All  the 
transitions  (0-0),  (0-1),  (0-2),  and  (0-3)  were  made  to  lase  under  narrow  linewidth 
condition.^  The  tunability  range  of  the  Raman  beam  corresponds  directly  to  that  of  the  pump 
beam  ( ~ 1 6A) . 

Repetition  rates  up  to  100  pps  did  not  affect  the  raman  performance  in  any  way.  One 
hundred  percent  flocking  of  the  slave  oscillator  was  achieved  with  excellent  wavelength 
stability  (<I  mA  jitters). 
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Xe  Cl  M/S  OSCILLATORS  Xe  Cl  AMPLIFIER 


Figure  1.  Schematic  diagram  of  the  XeCI  iaser  system  and  the  Raman  converter. 


OVEN  AT  1250-0 


Figure  2.  (a)  Temporal  pulses  for  the  case  of  free-running  XeCi  laser. 

(b)  Temporal  pulses  for  the  case  of  narrow  linewidth  XeCi  laser. 
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Figure  3.  Conversion  efflcience  as  a  function  of  Pb  vapor  temperature. 


Figure  4.  Energy  conversion  efficiency  versus  pump  energy. 


261 


DIODE  PUMPED  PROMETHIUM  LASER  FOR 
SUBMARINE  LASER  COMMUNICATIONS 
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Abstract 

A  diode  pumped  promethium  based  solid  state  laser  has  been  proposed  as  a  candidate 
transmitter  for  a  submarine  communication  laser  system.  The  properties  of  many  aspects  of 
this  laser  system  are  reported. 


Introduction 


The  current  submarine  laser  communications  (SLC)  transmitter  which  is  now  being 
prototyped  uses  lead  vapor  to  Raman  shift  the  output  of  an  XeCl  laser  into  resonance  with  a 
cesium  atomic  resonance  filter. 1'2»3  Advanced  SLC  transmitters  will  have  to  have  improved 
efficiency,  lighter  weight,  superior  operating  lifetimes,  as  well  as  reduced  system 
lifecycle  costs  when  compared  to  the  current  system.  With  these  criteria  in  mind  a  program 
was  initiated  at  Lawrence  Livermore  National  Laboratory  (LLNL)  to  identify  candidate  active 
ions  emitting  at  919  nm  that  would  allow  a  diode  pumped  all  solid  state  laser  to  be 
constructed.  Such  a  system  could  access  cesium  atomic  resonance^  filters  at  459  nm  by 
simple  and  efficient  frequency  doubling.  After  an  extensive  search  to  identify  suitable 
active  ions  having  the  potential  for  laser  emission  at  919  nm  one  promising  candidate 
emerged  in  promethium. 

The  possibility  of  using  Pm3+  as  the  active-ion  in  a  four-level  room  temperature  laser 
was  first  recognized  by  Krupke^  in  1972.  Using  a  Judd-Ofelt^ » ^  analysis  he  was  able  to 
conclude  that  the  _  5ig  transition  of  Pm3+;yAG  at  ~.92  pm  is  the  analogue  of  the 
"*^3/2  “  ^^11/2  transition  of  Nd^+rYAG  at  1.06  pim.  The  low-lying  energy  levels 
relevant  to  laser  operation  are  shown  in  Figure  1  for  both  of  these  ions.  Following  this 
analysis  by  Krupke  no  experimental  attempts  at  demonstrating  lasing  were  reported  primarily 
because  all  Pm  isotopes  are  radioactive  and  one  would  have  to  have  a  suitably  strong 
motivation  to  undertake  the  special  procedures  associated  with  its  handling.  Because  of  the 
potential  for  919  nm  emission  and  an  absorption  band  at  ~770  nm  suitable  for  laser  diode 
pumping,  sufficient  motivation  obtained  for  the  LLNL  program  to  focus  on  Pm  for  the  SLC 
application. 

Before  a  Pm  based  system  could  be  given  serious  consideration  as  a  SLC  transmitter  it  was 
recognized  that  a  number  of  key  technical  issues  would  have  to  be  favorably  resolved.  As 
these  technical  issues  will  form  a  basis  for  the  rest  of  this  paper,  they  are  outlined  now: 

1)  Ve..y  little  spectroscopic  information  on  Pm  was  available.  This  required  initiating 
an  experimental  program  to  measure  relevant  spectroscopic  parameters  and  identify 
suitable  (giving  919  nm  emission)  host  materials. 

2)  Lasing  of  Pm3+  in  any  host  had  never  been  demonstrated.  Such  a  demonstration  would 
allow  a  cross  check  to  be  made  on  the  spectro-kinetic  parameters  derived  in  the 
spectroscopy  program. 

3)  Radiation  damage  issues  pertaining  to  both  the  host  material  and  the  diode  array 
pumping  laser  needed  to  be  addressed. 

4)  Suitable  (emitting  at  770  nm)  long-lived  diode  array  pump  sources  needed  to  be 
developed. 

Pm  Spectroscopy 

Figure  2  shows  the  only  Pm^'*'  emission  spectrum  from  a  solid  that  was  available  prior  to 
the  LLNL  program.®  The  salient  feature  of  this  data  for  the  present  discussion  is  that 
the  emission  wavelength  of  the  Pm®'*'  ^Fj^  -  ®F5  transition  in  YVO4  is  at  940  nm.  Since  this 
is  the  transition  to  be  used  for  our  laser,  the  first  goal  of  the  spectroscopy  program  at 
LLNL  was  to  identify  host  materials  that  blue  shift  this  emission  by  ~21  nm.  To  guide  our 
search  for  likely  host  materials,  projections  of  emission  wavelengths  were  made  using  a 
combination  of  the  nephelauxetic  effect®  and  the  known  emission  wavelength  of  the  Nd^'*' 

^^3/2  “  ^^11/2  transition  in  various  crystal  and  glass  hosts,  as  shown  in  Figure  3. 

Host  materials  are  arranged  ii  order  of  increasing  Nd-ligand  bond  ionicity  going  toward  the 
origin  of  the  ordinate  axis.  The  regular  blue  shifting  of  the  Nd  emission  with  increasing 
ionicity  illustrates  the  nephelauxetic  effect.  Assuming  the  Pm®"*"  ^Fj  -  ^15  transition 
experiences  such  an  effect  similar  to  that  of  Nd  and  using  the  known  emission  wavelength  of 
Pm®'*’  in  YVO4  projections  of  emission  wavelength  indicated  likely  materials  giving  919  nm 
emission  would  be  fluoride  crystals  and  glasses.  These  projections  were  followed  up  by  an 
experimental  program  done  in  collaboration  with  Oak  Ridge  National  Laboratory  (ORNL)  in 
which  various  glass  and  crystal  samples  doped  with  l^^Pm  were  prepared.  Figure  4  shows 
one  example  of  a  projected  and  measured  Pm®+  ®Fi  -  ^it;  emission  spectrum  from  a  sample 
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Nd^  Pm^* 


Figure  1.  Level  diagrams  of  Nd3+  and 
Pni3+.  The  Nd3+  ^F3/2  -  ^^11/2  transition 
at  1.06  iim  is  the  analogue  of  the  Pm3  + 

Sfq^  -  Spg  transition  at  -.92  lun. 


11,000  10,000  9,000  8,000 

Wavelength 


Figure  2.  Pm3+  emission  spectrum  measured  in 
YVO4.  This  was  the  only  Pm3+  emission 
spectrum  of  a  solid  available  prior  to  the  Pm 
spectroscopy  program  at  LLNL. 


915  nm  925  nm  935  nm 
Wavelength 


Figure  3.  Nd3+  ^^3/2  -  ^Iii/2  measured 
transition  wavelengths  and  Pm3+ 
projected  transition  wavelengths  for  various 
host  crystals  and  glasses. 


Figure  4.  Measured  and  projected  Pm3+  _  5ig 
emission  spectrum  in  BeCaKAl  glass. 


of  berylliura-calcium-potassium-aluminum  (BeCaKAl)  fluoride  glass.  This  glass  is  being 
considered  as  a  host  material  as  it  emits  at  919  nm. 


Having  identified  several  potential  host  fluoride  glasses  exhibiting  useful  919  nm 
emission,  the  next  step  in  our  spectroscopy  program  was  to  extract  the  spectro-kinetic 
parameters  of  Pm3+  ions  in  these  hosts  that  are  relevant  to  a  laser  design.  To  accomplish 


this,  the  Judd-Ofelt  formalism  was  used.  As  this  part  of  our  program  has  been  covered 
elsewhere  in  the  literature^O/ H  only  a  brief  summary  of  the  important  results  will  be 


given  here: 

1)  The  920  nm  Pm3+  _  5ig  transition  is  the  quantitative  analogue  of  the 
1.06  pm  Nd3+  ‘^F3/2  -  ^Iii/2  transition. 

2)  The  ^Fj  lifetime  'f  Pm3+  in  a  given  host  is  approximately  equal  (within  +10%) 
to  the  ^F3/2  lifetime  of  Nd3+  in  the  same  host. 

3)  Excited  state  absorption  cross  sections  near  920  nm  are  very  small  (~100  times 


smaller  than  emission  cross  sections)  in  all  host  media. 

In  summary  these  results  emphasize  the  similarity  between  our  proposed  Pm  based  system 
and  a  system  based  on  frequency  doubling  the  common  1.06  pm  Nd3+  ^F3/2  -  ^Iii/2  laser 
transition. 


Laser  Demonstration 

A  scientific  demonstration  of  a  Pm3+  laser 


allowed  us  to  cross  check  spectro-kinetic 


parameters  dervied  in  our  Pm  spectroscopy  program.  The  host  material  for  these  experiments 
was  a  Pb-In-phosphate  glass  chosen  primarily  because  of  the  ORNL  group's  extensive 
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experience  in  fabricating  it.  A  photograph  of  the  actual  laser  sample  is  shown  in 
Figure  5.  The  dark  coloration  of  the  laser  sample  is  due  to  radiation  induced  coloring 
resulting  from  decays.  Figure  6  shows  a  schematic  diagram  of  the  near  concentric 

resonator  that  was  used  to  demonstrate  lasing.  The  excitation  source  was  a  flashlamp 
pumped  dye  laser  giving  2  psec  long  pulses  of  up  to  200  mJ  at  the  excitation  wavelength 
of  570  nm.  The  mirrors  were  appropriately  coated  to  give  a  high  cavity  Q  on  either  the 
^Fi  -  transition  at  .93  pm  or  the  -  5^^  transition  at  1.1  pm  and  lasing  was 
observed  on  both  these  transitions.  While  the  1.1  pm  transition  had  a  measured  threshold 
pump  energy  of  44  mJ  in  agreement  with  our  predictions  based  on  spectro-kinetic  parameters 
derived  from  a  Judd-Ofelt  analysis,  the  .93  pm  transition  threshold  pump  energy  of  115  mJ 
was  significantly  higher  than  predicted.  The  reason  for  this  discrepancy  is  likely  related 
to  Figure  7  where  it  is  seen  that  absorption  losses  due  to  the  radiation  induced  coloring  of 
the  laser  sample  are  significantly  greater  at  .93  pm  than  1.1  pm.  Fortunately,  we  observed 
that  a  modest  increase  in  temperature  effectively  annealed  out  these  radiation-induced 
losses  at  the  laser  wavelength  as  also  shown  in  Figure  7.  In  fact,  it  was  anticipated  that 
heating  the  sample  would  be  necessary  to  achieve  lasing.  However,  we  observed  that  several 
tens  of  excitation  pulses  from  the  pump  laser  effectively  bleached  the  radiation  induced 
coloring  sufficiently  enough  to  permit  lasing  without  having  to  heat  the  sample.  Whether 
the  .93  pm  threshold  effect  is  due  to  color  center  losses  or  population  of  the  terminal 
Sjg  level  due  to  sample  photolytic  heating  is  in  the  process  of  being  resolved. 

Pm  Radioactivity 

Because  all  Pm  isotopes  are  radioactive  it  was  necessary  to  examine  possible  deleterious 
effects  of  decay  processes  in  the  laser  host  material  (color  centering)  and  on  the  longevity 
of  the  semiconductor  laser  diode  pump  arrays.  Table  1  lists  all  known  Pm  isotopes  along 
with  their  dominant  decay  modes  and  corresponding  half  lives.  From  the  table  it  is  seen 
that  only  one  isotope,  ^^^Pm,  has  a  sufficiently  long  half-life  to  make  it  suitable  for 
the  SLC  application.  Although  a  process  has  been  defined  for  the  production  of  I'^^Pm,  the 
LLNL  program  has  used  the  shorter  lived  but  more  readily  available  1‘^^Pm  for  all  experiments 
to  date. 


Table  1.  All  known  Pm  isotopes,  their  dominant  decay  modes  and 
associated  half-lives. 


Pm  144 

Pm  14  5 

Pm  14  6 

Pm  147 

Pm  148 

363  days 

17.7  years 

5.5  years 

2.62  years 

41  days 

e 

c  70  keV 

e  735  keV 

R  224  keV 

R 

and  40  keV 

Preliminary  analysis,  based  on  literature  data  on  color  centering  in  fluoride  dielectric 
solids  and  1  Mev-y  irradiation  of  GaAs  laser  diodes, suggested  that  the  radioactive 
decay  of  Pm  would  not  significantly  degrade  laser  performance. 

Subsequent  to  having  demonstrated  lasing  in  the  sample  of  Pb-In  phosphate  glass,  host 
materials  have  been  identified  in  which  absorption  at  the  laser  wavelength  due  to  radiation 
induced  coloring  is  significantly  decreased  because  the  absorption  peak  of  the  coloring  is 
shifted  further  into  the  UV  than  it  is  in  the  Pb-ln-phosphate  glass.  One  of  these  samples, 
a  barium-zinc-indium-lutetium-thorium  fluoride  glass  (BZILT)  gives  emission  from  the 
Pm3+  Sfj^  -  Sig  transition  at  the  desired  wavelength  of  919  nm  and  plans  are  currently 
being  made  to  fabricate  laser  quality  samples  for  further  study. 

To  validate  the  projection  on  laser  diode  life  insensitivity  to  Pml'^S  decay,  commercial 
laser  diodes  purchased  from  Spectra-Diode  Laboratories  (SDL)  were  exposed  to  an  x-ray 
spectrum  approximating  the  spectrum  that  would  be  seen  from  decays.  This  spectrum 

was  tailored  by  filtering  the  output  of  a  60  keV  x-ray  machine  through  a  100  pm  thick  Nd 
foil  giving  rise  to  radiation  peaked  at  38  keV,  a  characteristic  x-ray  line  of  Nd.  This  is 
the  same  x-ray  line  that  dominates  the  decay  spectrum  of  I'^^Pm  as  it  decays  to  ^^^Nd  by 
electron  capture.  During  this  exposure  the  laser  diode  was  repeatedly  cycled  in  drive 
current  from  0  to  a  maximum  of  100  ma  generating  a  series  of  L-I  curves,  one  of  which  is 
shown  in  Figure  B.  These  curves  were  then  analyzed  to  extract  the  current  threshold  and  the 
slope  efficiency.  To  date  we  have  exposed  a  laser  diode  to  100  MRad  of  this  radiation. 

Within  our  experimental  ability  to  measure  the  current  threshold  and  slope  efficiency  (±3% 
for  both)  we  have  not  observed  any  degradation  in  these  quantities.  These  experiments  are 
on-going  and  although  we  have  not  yet  exposed  a  laser  diode  to  the  projected  mission  dose  of 
l^^Pm  radiation,  we  do  not  expect  to  observe  any  deleterious  effects.  We  base  this 
projection  on  the  so  called  "knock-on"  model  which  is  used  to  describe  bulk  radiation  damage 
in  metallic  crystals.  Experimentally  it  has  been  observed  that  there  exists  a  certain 
threshold  kinetic  energy  that  must  be  transferred  to  a  metallic  nucleus  to  knock  it  out  of 
its  lattice  site,  for  example  this  is  about  40  keV  in  metallic  aluminum. 
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Figure  5.  The  Pm3+  doped  Pb-In  phosphate 
sample  used  in  laser  experiments.  The  actual 
sample  is  held  in  the  center  of  a  concentric 
ring  which  was  fabricated  from  a  Nd  doped 
glass . 


L  =  55  cm 


Figure  6.  Schematic  diagram  showing  the 
near  concentric  resonator  that  was  used  to 
demonstrate  lasing  on  both  the  ^Fj^  - 
and  ^Fj  -  ^15  transitions  of  Pm3+. 


Figure  7.  Absorption  spectrum  of  the  ^^^Pm 
doped  Pb-In  phosphate  glass  laser  sample.  The 
room  temperature  spectrum  shows  the  sharp 
absorption  features  due  to  Pm3+  superimposed 
on  a  broad  feature  centered  in  the  UV  which 
results  from  radiation  induced  coloring  from 
3'^^Pm  decays. 


Figure  8. 
of  an  SDL 
radiation 
seen  from 


L-I  curve  taken  during  the  exposure 
laser  diode  to  a  spectrum  of 
approximately  that  which  would  be 
decays. 


Input  pulse  is  mode 
matched  to  cavity 


Cavity 

ringdown 


Figure  9.  Schematic  diagram  of  the  cavity  ring 
down  apparatus  used  to  measure  Nd3+  absorption 
at  919  nm.  Also  shown  is  a  typical  output  signal 
measured  with  this  apparatus. 
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Applying  the  same  model  to  AlGaAs  we  project  that  an  electron  would  require  ~370  keV  of 
energy  to  knock  an  A1  nucleus,  the  lowest  mass  nucleus  in  AlGaAs,  out  of  its  crystal  site. 
Because  the  highest  energy  decay  radiation  produced  is  72  keV  occurring  in  a  few  percent  of 
the  decays  which  result  in  excited  nuclei  that  subsequently  relax  by  emitting  a 

72  keV  y-ray,  we  do  not  foresee  any  problems.  In  an  effort  to  observe  this  threshold,  we 
have  repeated  the  above  experiment  in  which  L-I  curves  are  continuously  generated  while 
increasing  the  x-ray  energy.  No  degradation  was  observed  in  the  lasing  current  threshold  or 
slope  efficiency  until  the  x-ray  energy  reached  110  keV.  This  again  supports  our  projection 
that  the  decay  radiation  will  have  no  significant  deleterious  effect  on  laser  diode 

pump  array  lifetime. 

Finally,  one  important  spectroscopic  consideration  arising  from  the  decay  of  ^^5pu,  to 
145Nd  exists.  The  tail  of  the  Nd3+  ground  state  to  excited  state  transition 

has  the  potential  to  absorb  at  the  laser  wavelength  of  919  nm.  This  loss  mechanism  in  the 
laser  which  will  be  most  severe  near  the  end  of  mission  life,  when  the  largest  quantity  of 
145pni  will  have  decayed  to  I'^^Nd,  needed  to  be  quantified.  Because  the  laser  wavelength 
at  919  nm  lies  in  the  tail  of  the  Nd  transition  of  interest  where  absorption  cross  sections 
are  expected  to  be  small,  a  cavity  ring  down  technique  was  used  to  measure  it.  Figure  9 
shows  a  schematic  diagram  of  the  ring  down  apparatus  used.  This  technique  relies  on 
injecting  mode  matched  radiation  into  a  very  high  Q  optical  cavity  and  then  measuring  the 
decay  of  energy  within  the  cavity.  By  measuring  such  a  ring  down  with  and  without  a  sample 
present  in  the  cavity,  it  is  possible  to  quantify  very  small  absorption  and  scattering 
losses.  To  measure  the  Nd3+  absorption  at  919  nm  a  sample  of  beryllium  fluoride  glass 
containing  .5  mole  %  Nd  was  used.  Figure  10  shows  measured  loss  in  this  sample  as  a 
function  of  wavelength.  The  injected  radiation  in  this  case  was  generated  by  Raman  shifting 
the  output  of  a  pulsed  dye  laser.  Based  on  these  experiments,  we  have  been  able  to  conclude 
that  a  typical  Nd3+  absorption  cross  section  at  919  nm  is  ~2  x  10~23  cm“2  and  that 
losses  can  be  held  to  acceptable  levels. 

770  nm  Diode  Array  Development 

Finally  questions  concerning  the  lifetime  and  efficiency  of  diode  laser  arrays  emitting 
at  770  nm  needed  to  be  addressed.  This  work  is  being  carried  out  by  three  companies  under 
contract  to  LLNL:  McDonnell  Douglas  Astronautics  Company  (MDAC) ,  RCA/GE,  and  SDL.  The 
technique  for  shifting  the  output  wavelength  of  an  AlGaAs  laser  diode  down  to  770  nm  uses  a 
combination  of  quantum  wells  and  high  A1  content  in  the  epitaxial  layers.  Primarily  because 
of  the  high  A1  content  required  in  the  epi  layers,  there  were  perceived  problems  regarding 
device  lifetimes  and  efficiencies.  Questions  concerning  device  lifetimes  arose  because  the 
increased  A1  content  in  the  epi  layers  implies  increased  stress  between  these  layers  and  the 
underlaying  GaAs  substrate.  Questions  concerning  efficiency  arose  because  as  the  A1  content 
increases  in  AlGaAs  the  indirect  bandgap  becomes  energetically  more  favorable.  At  38  mole  % 
AlAs  the  indirect  bandgap  and  direct  bandgap  have  equal  transition  energies.  Therefore  as 
the  A1  content  is  increased  a  proportionally  larger  number  of  recombination  events  should 
occur  via  the  indirect  bandgap.  These  nonradiative  events  do  not  contribute  to  the  lasing 
process  and  so  should  negatively  impact  on  device  efficiencies. 

Figure  11  shows  an  example  of  an  actual  2-dimensional  laser  diode  array  constructed  by 
RCA/GE  using  a  rack  and  stack  architecture. As  an  example  of  the  progress  that  has  been 
achieved  to  date  this  2-dimensional  array  which  measures  .475  cm  x  .175  cm  emits  an 
equivalent  peak  power  density  of  2.1  kw/cm^.  The  overall  efficiency  of  the  array  is  35%. 

The  emitted  radiation  has  a  spectral  FWHM  of  5  nm  centered  at  770  nm  making  it  ideal  for 
pumping  the  Pm  doped  fluoride  glass  host  materials  that  have  already  been  identified. 
Lifetesting  of  these  devices  is  currently  at  the  10®  shots  level  and  on-going.  Based  on 
results  to  date,  it  is  our  projection  (and  that  of  our  contractors)  that  efficient, 
long-lived  pump  arrays  suitable  for  the  SLC  application  can  be  achieved. 

Conclusion 

Our  proposed  system  is  the  analogue  of  a  frequency  doubled,  diode-pumped  Nd®''':glass 
laser  system  in  which  the  Pm®'*'  ^F^  -  ^15  transition  substitutes  for  the  Nd®"*"  ^Fj/z  ~  ^Iii/2 
transition. 

In  summary,  key  technical  issues  associated  with  constructing  such  a  Pm-based  SLC 
transmitter  have  been  addressed,  quantified,  and  favorably  resolved.  It  is  our  judgment 
that  a  Pm-based  system  can  serve  as  a  high  performance  SLC  transmitter. 
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Loss 


Figure  10.  Nd3+  absorption  measured  at 
various  wavelengths.  The  inset  shows  data 
measured  using  the  cavity  ring  down  apparatus 
of  Figure  9. 


Figure  11.  Two-dimensional  diode  laser 
array  constructed  using  a  rack  and  stack 
architecture  by  RCA/GE. 
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Recent  success  in  high  efficiency  and  high  energy  laser  extraction  of  tunable 
radiation  in  the  blue-green  C-A  transition  of  XeF  under  intense,  short-pulse  electron  beam 
excitation  has  renewed  interest  in  the  possibility  of  similar  performance  in  avalanche 
discharges.  We  present  preliminary  results  of  discharge  excited  fluorescence  studies  in  a 
variety  of  devices  having  different  degrees  of  energy  loading. 


Introduction 


to 


The  recent  work  by  Tittel,  Sauerbrey,  Nighan  and  co-workers  on  the  XeF  C-A 
transition  laser  under  intense,  short  pulse  (10ns)  electron  beam  excitation  at  pump 
energies  of  135  Joules  per  liter  has  shown  efficiencies  of  3  percent  and  energy  extraction 
as  high  as  4  joules  per  liter.  These  results  are  obtained  with  very  complicated  five 
component  gas  mixtures  that  include  argon  as  buffer  with  xenon,  krypton,  NF^  and  Yj-  The 

most  important  addition  is  believed  to  be  that  of  substantial  amounts  o^  ki^ypton  wni^h 

tend  to  lower  the  absorption  in  the  blue-green  from  argon  species  [Ar2('^^^)  a^d  Ar^  ], 
drop  the  population  of  the  B-state  due  to  enhanced  B-C  state  mixing  by  krypton  and  to  2 

increase  absorption  at  the  B-X  transition  wavelength  region  due  to  the  formation  of  Kr2F‘‘. 

In  addition,  there  is  increased  gain  on  the  blue  side  of  the  C-A  band  due  to  trimer 
emission  from  Kr2F.  Under  e-beam  excitation  the  B-X  fluorescence  steadily  decreases  with 
increasing  krypton  pressure.  The  C-A  fluorescence  remains  relatively  constant  as  kinetic 
code  calculation  shows  that  at  room  temperature  over  ninety  percent  of  the  population 
starts  off  in  the  C- state.  Time  resolved  gain  measurements  show  that  during  the  e-beam 
excitation  pulse  there  is  net  absorption  with  net  gain  taking  place  only  in  the  afterglow 
of  the  discharge. (Recently,  results  at  Avco  Everett  Research  Laboratory  has  shown  that  at 
lower  energy  deposition  rates  substantial  gain  is  observed  throughout  the  e-beam  pump 
pulse  using  such  five  component  gas  mixtures  as  described  by  the  Rice  University  and 
United  Technology  work.) 


Discharge  Fluorescence  Studies 

The  results  of  pumping  with  intense  electron  beams  tend  to  indicate  that  to 
successfully  implement  similar  results  we  need  to  deposit  energies  of  the  order  of  10 
Mwatts/cm  in  10  nanoseconds  and  this  needs  to  be  done  in  gas  mixes  containing  high 
concentrations  of  krypton  and  at  static  filling  pressures  of  6  atmospheres.  Several 
fluorescence  studies  have  been  undertaken  on  the  XeF  C-A  transition  in  a  number  of 
different  discharge  devices.  This  includes  a  long-pulse  inductively  stabilized  laser  head 
at  relatively  low  power  deposition  (500  kw/cc),  a  commercial  Lambda  Physik  EMG-50  laser  at 
power  deposition  estimated  in  the  region  of  1  to  2  MW/cc,  and  a  high  power  deposition 
device  with  deposition  densities  measured  higher  than  20  MW/cc. 

Some  initial  data  was  obtained  in  a  long-pulse  inductively  stabilized  device.  The 
power  deposition  is  relatively  low  (approximately  500  KW/cc).  Figure  1  summarizes  the  B-X 
and  C-A  fluorescence  data  with  a  gas  mixture  of  8  torr  F^,8  torr  Xe,  3  Atmospheres  Ne  and 
varying  concentrations  of  Kr.  Stable  self  sustained  discharge  was  obtained  up  to  200  torrs 
of  Kr  with  100ns  long  electrical  pulse  widths.  The  limitation  on  stability  in  this 
situation  is  believed  due  tv  the  weak  corona  type  of  pre-ionization.  The  rise  in  C-A  and 
the  drop  in  B-X  fluorescence  as  a  function  of  krypton  pressure  confirms  the  initial 
expectations  of  discharge  laser  pumping  kinetics  as  indicated  by  the  electron  beam  pumped 
laser  systems. 
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A  series  of  studies  was  undertaken  in  a  commercial  laser  device  (I.ainbda  I’liysik  MM(i 
50)  at  relatively  moderate  energy  deposition  rates  which  are  estimated  at  1-2  MW/cc.  This 
device  uses  arc  typo  p r e- i  on  i  za t  i on  and  is  capable  of  sustaining  stable  discharges  with 
krypton  partial  pressures  up  to  500  torrs.  The  electrical  pulse  width  is  25ns  and  lie 
buffer  is  used  in  these  studies.  Figure  2  presents  a  typical  time  integrated  fluorescence 
spectrum.  Figure  3  shows  the  fluorescence  variation  as  a  function  ol  krypton  partial 
pressure  in  a  gas  mix  of  F,^  /  Xe  'To  t  a  1  =  5/20/ 2  500ral5  with  lie  buffer.  I’his  device  u  n  f  j  r  t  u  na  t  e  1  y 
is  limited  in  both  its  pressure  and  power  deposition  rate  capabilities.  Note  that  the 
results  of  K  i  g  .  3  shows  r  a  t  h  r  r  a  [>  i  d  quenching  of  the  B  -  X  fluorescence  as  expected  and 
relatively  slow  decrease  also  in  the  (l-A  fluorescence.  The  relative  insensitivity  of  the 
C-A  fluorescence  as  a  function  of  Kr  partial  pressure  is  in  keeping  with  the  explanation 
given  In  electron-beam  systems  that  most  of  the  excited  state  po|)ulation  resides  in  the  C 
state.  The  gradual  overall  decrease  in  the  total  upper  state  density  is  an  indication  of 
increased  quenching  as  a  function  of  krypton  pressure  and  is  an  unfortunate  observation 
and  not  in  keeping  with  the  data  of  the  inductively  stabilized  long  pulse  device  using  Nc 
buffer. 


A  device  capable  of  high  pressure  operation  but  still  with  relatively  short  gain 
length  is  ecj  nipped  with  an  inductively  stabilized  electrode  and  operated  with  a  peaking 
capacitor  pulse  power  setup  that  we  hope  will  he  able  to  operate  in  the  10 MW/cc  power 
fleposition  range.  Using  corona  i) re-ionization  this  device  could  sustain  a  stable  discharge 
with  3  atmospheres.  Ne  buffer  gas  only  to  50  torrs  of  krypton  partial  pressure.  It  was 
necessary  to  utilize  an  alternate  form  of  pro-ionlzation.  In  the  following  fluorescence 
studies  the  discharge  is  p re-ionized  with  a  krypton  fluoride  laser  operating  at  248nm  as 
shown  in  Fig. 4  and  witli  the  addition  of  trace  amounts  of  fluoro-benzene  in  the  gas  mix. 
Under  this  technique  of  pre -ionization  we  were  able  to  control  the  discharge  up  to  300 
torrs  of  Kr  partial  pressure  and  at  total  operating  pressures  of  over  6  atmospheres  using 
Ne  buffer.  The  voltage  and  current  measurements  (Fig. 5)  give  a  power  deposition  into  a 
30c mX . 5c m X I  c m  discharge  volume  of  20  MW/cc.  at  the  peak  of  the  current  pulse.  Under  this 
degree  of  power  deposition  the  behavior  of  the  C-A  fluorescence  with  10  torrs  F^,  10  torrs 

Xe  as  a  function  of  varying  Ne  buffer  pressure  and  varying  partial  Kr  pressure  is  given  in 
Fig. 6.  I II  this  case  we  observe  steadily  iiicreasing  C-A  fluorescence  as  a  function  of 
increasing  krypton  pressure.  However,  the  C-A  fluorescence  dropped  precipitously  beyond  4 
atmospheres  of  Ne  buffer  gas.  The  charging  voltage  for  all  these  studies  were  kept  at 
25 Kv.  It  is  net  clear  nresentlv  if  this  turn  around  in  the  C-A  fluorescence  can  be 
overcome  if  higher  charging  voltages  are  used. 

D  i  s  c  u  s  s  1  o  n 

The  data  presented  in  the  above  studies  are  a  preliminary  look  into  the  possibility 
of  obtaining  high  laser  outputs  of  tunable  blue-green  radiation  using  the  C-A  transition 
of  X  o  F  with  complicated  ra  u 1 1  I  - c  o  m  p  o  n  e  ii  t  gas  mixtures  and  under  the  conditions  of  intense 
power  deposition.  As  can  be  seen  the  fluorescence  behavior  appears  to  be  different  using 
neon  and  helium  buffers.  Of  course,  the  behavior  of  different  buffers  need  to  be  compared 
in  the  same  device  which  up  to  this  point  have  as  yet  to  be  done.  The  observation  of 
increasing  C-A  fluorescence  as  a  function  Kr  partial  pressure  in  the  neon  buffer 
discharges  at  low  and  very  high  power  deposition  rates  imply  that  t  li  e  C  and  B  state 
populations  are  much  more  evenly  distributed  than  in  the  case  of  e 1 ec t r on -beam  excitation 
although  the  He  buffer  studies  seem  to  be  in  accord  with  the  e-beam  excitation  studies.  We 
are  presently  sotting  up  experiments  to  look  at  the  gain  at  the  argon  ion  laser 
wavelengths  and  to  see  if  we  can  successfully  obtain  blue-green  lasing  in  the  high 
pressure  device.  We,  however,  do  not  look  toward  very  strong  lasing  outputs  because  of  the 
relatively  short  gain  lengths  of  the  devices  under  study.  We  need  to  build  a  laser  with 
relatively  long  gain  lengths  using  strong  .uniform  pre-ionization  with  either  x-ray  or  arc 
type  sources  and  at  power  deposition  rates  that  have  been  reported  here  in  order  to  see  if 
strong  blue -green  lasers  in  the  XeF  C-A  transition  is  a  possibility. 
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Figure  1.  Fluorescence  (C-A)  and  (B-X)  versus  Krypton  partial  pressure  in  a 
long  pulse  inductively  stabilized  long  pulse  laser  with  gas  mix 
of  4  torrs  F2,  8  torrs  Xe  and  3  atmospheres  of  Ne. 
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Figure  2.  Integrated  fluorescence  spectrum  from  a  commercial  laser  device 

(Lambda  Physik  EMG  50)  using  helium  buffer  with  gas  mixture  given 
by  F2/Xe/Kr/He=5/20/400/2075  raB. 


Meortrted  Ruorvoconco  v».  Krypton  Pmauro 


0  too  200  300  400  500 


Kr  Portiot  Pr»»iur»  (mB) 

Figure  3.  Fluorescence  XeF(C-A,  B-X),  and  KrF(B-X)  as  a  function  of  Kr 
partial  pressure  in  a  gas  mix  of  F  /Xe  To  t  a  1  =  5  /  2  0/ 2  5()0  mB. 
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Figure  4.  Schematic  of  high  pressure  XeF  discharge  cell  with  KrF  laser 
pre-ionization. 


Figure  5.  Voltage  and  Current  Temporal  behavior  with  25  KV  charging  voltage 
and  a  gas  mix  of  F2/Xe/Ne=l 0/ 10/2280  torrs  with  no  Kr. 
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Figure  6.  Fluorescence  XeF(C-A)  as  a  function  of  Kr  partial  pressure  and  as 
a  function  of  total  filling  pressure  using  10  torrs  F2  and  10 
torrs  Xe  and  Ne  as  buffer  gas. 
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Abstract 

The  fidelity  of  the  Raman  amplif ication  process  was  determined  for  high  Eresnel 
number  amplif ication  in  hydrogen.  Phase  information  on  the  input  (414  nm)  Stokes  beam 
is  preserved  to  better  than  0.1  waves  rms . 

T  nt  r‘"duct  ion 

Raman  amplifiers  provide  a  means  of  retaining  input  Stokes  seed  beam  phase  upon 
amplification  with  good  fidelity.  Raman  physics  has  two  reguirements  to  maintain  the 
fidelity  of  the  phase:  that  the  Stokes  seed  and  the  pump  are  correlated,  and  the  pump 
beam  have  a  nearly  uniform  intensity. 

The  requirement  of  Stokes  seed  and  pump  correlation  is  two  fold  since  they  need  to 
be  correlated  in  both  frequency  and  time.  The  frequency  correlation  is  simply  that  the 
frequency  of  the  pump  photon  minus  the  frequency  of  vibration  of  the  hydrogen  molecule 
must  equal  the  Stokes  seed  photon.  Achieving  pump  and  Stokes  seed  frequency  correlation 
was  obtained  by  producing  the  Stokes  seed  from  a  portion  of  the  pump  beam  in  a  focused 
Raman  cell,  separate  from  the  main  amplifier.  The  temporal  correlation  is  produced  when 
the  Stokes  seed  beam  and  the  pump  beam  arrive  at  the  amplifier  at  the  same  time,  within 
the  correlation  length  of  the  laser.  This  is  achieved  with  optical  delays. 

Pump  beam  phase  has  often  been  stated  as  being  unimportant  in  Raman  amplifiers,  but 
this  is  subject  to  limits.  The  pump  beam  phase  must  be  at  least  go  '  enough  such  chat 
the  phase  does  not  convert  (via  diffraction)  to  intensity  over  the  distances  traveled  by 
the  beam.  This  is  the  major  reason  for  doing  these  experiments  a  large  Fresnel  number 
Raman  amplifier.  Diffraction  effects  are  more  severe  in  smaller  beams  producing 
unacceptable  intensity  non- unif ormi t ies .  This  is  further  compounded  by  the  presence  of 
aberrations  causing  distortions  of  the  Raman  process. 

Experimental  Approach 

These  experiments  were  conducted  on  the  AVCO  Scale-Up  XeF  excimer  laser  (Figure  1). 
It  was  operated  with  a  confocal,  off-axis,  unstable  resonator  with  a  sub-aperture  output 
window.  With  the  full  aperture  window  this  is  a  mul t i - ki lo joule  device  whereas  in  the 
current  configuration  about  500  J  could  be  extracted  from  the  sub- aper Cure .  The  beam 
quality  of  this  sub-aperture  beam  is  several  times  the  diffraction  limit  (XDL), 
primarily  from  uncorrected  spherical  aberrations  and  astigmatism.  (With  the  use  of 
corrector  optics,  the  beam  can  be  made  better  than  1.2  XDL.  However,  these  were  not 
used  in  this  program.)  Several  optical  components  downstream  from  the  laser  further 
degrade  the  pump  beam  to  >100  XDL.  This  regime  provides  a  stringent  test  of  the  Raman 
theory. 

A  schemtic  diagram  of  the  optical  train  is  shown  in  Figure  2.  As  the  laser  beam 
exits  Scale-Up  a  5  cm  piece  of  the  beam  is  picked  off  the  edge  and  sent  to  the  the  seed 
generator  sub  assembly.  This  beam  is  further  split  into  a  small  (7  mm)  diameter  beam 
for  seed  generation  and  a  second  beam  (5  cm)  with  most  of  the  energy.  The  smaller  beam 
is  then  focused  into  a  cell  containing  10  atm  of  hydrogen  to  produce  a  small  amount  of 
Stokes  radiation.  The  Stokes  beam  exiting  the  Raman  cell  is  expanded  to  5  cm  and 
combined  with  the  rest  of  the  pump  beam  which  has  just  imaged  through  a  transfer  tube 
which  is  under  vaccuum.  These  two  beams  ate  then  sized  to  1  cm  and  passed  through  a 
pre  amplifier  hydrogen  cell  to  increase  the  Stokes  seed  beam  energy  by  an  order  of 
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Figure  1  -  View  of  the  Scale-Up  Excimer  Laser  used  to  preform  high 
Fresnel  number  Raman  amplification. 
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Figure  2  -  Overview  of  the  optical  layout  of  the  phase  preservation 
experiment.  The  shape  of  the  subaperture  on  Scale-Up  is  shown  to  the 
left  with  the  pump  and  seed  pick  off  cutouts  shown.  The  two  pass 
inter ferogram  (LUPI)  is  of  the  phase  distorter  plate  also  showing  it 
position  in  the  layout. 
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magnitude.  The  resulting  beam  can  then  be  passed  through  a  spatial  filter,  then  a  phase 
distorting  plate,  and  increased  in  size  to  match  the  pump  beam.  The  Stokes  seed  then 
passes  through  a  dichroic  mirror,  is  combined  with  the  pump,  then  both  are  reduced  in 
size  for  the  Raman  process  and  passed  collimated  and  colinear  through  the  Raman 
amplifier . 

After  the  small  beam  has  been  picked  off  for  the  seed  generator,  the  remaining  pump 
radiation  encounters  a  25  cm  diameter  aperture  which  defines  the  pump  beam.  It  was  then 
reduced  in  size  to  15  cm  .  passed  through  4  Brewster  angle  polarizers  and  then  on  to  the 
dichroic  mirror  to  combine  with  the  Stokes  seed  beam.  The  optical  paths  of  the  pump  and 
the  seed  beams  must  be  matched  to  1  mm  in  order  to  meet  the  path  matching  requirements 
of  high  Raman  gain.  This  is  accomplished  by  very  accurate  laying  out  of  the  optical 
paths  (typically  less  than  1  cm  difference  in  25  m)  and  the  use  of  an  auxiliary 
broadband  dye  laser,  with  a  short  coherence  length  (0.1  mm),  injected  in  both  legs  and 
interfered  to  produce  fringes. 

for  fidelity  measurements,  a  surface  reflection  off  the  input  window  of  the  Raman 
cell  supplies  the  input  diagnostic  table  with  a  sample  of  the  pump  and  Stokes  seed 
beam.  further  surface  reflections  ate  used  to  dump  energy  from  these  beams  and  direct 
them  toward  two  cameras  which  ate  filtered  to  pass  only  pump  or  Stokes  light 
respectively.  The  beams'  near  field  images  are  recorded  on  Polatiod  Type  55  film  for 
later  processing.  A  separate  reflection  is  pointed  toward  a  focusing  mirror  which  then 
aims  the  beam  into  a  shearing  interferometer.  After  the  beam  exits  the  shear  grating  it 
is  reimaged  with  a  lens,  passed  through  narrowband  filters  to  select  either  the  pump  or 
Stokes  signal,  and  captured  on  Polatiod  Type  55  film.  The  output  diagnostic  table  at 
the  teat  of  the  Raman  cell  has  a  similiar  setup  for  analyzing  the  beams  after 
amplification.  Also  there  are  a  number  of  photodiodes  around  the  room  to  record  the 
time  history  of  the  pump,  seed,  depleted  pump  and  amplified  Stokes  intensity. 

Results  and  Discussion 


The  first  test  of  the  system  was  to  amplify  a  good  Stokes  beam  with  our  poor  pump 
beam  and  demonstrate  that  there  was  no  degradation  of  the  Stokes  phase.  for  this  test 
we  took  the  1.5  XDL  output  of  the  pre-amplifier  cell  to  be  our  "good  beam"  (figure  3). 
The  amplified  Stokes  was  1.7  XDL,  with  a  system  gain  of  >1000.  When  these  two 
wavefronts  were  subtracted  the  difference  was  0.1  waves  rms.  We  have  attributed  most  of 
this  error  to  non-common  optical  components  that  the  two  diagnostic  tables  present. 

This  is  not  hard  to  imagine  since  typical  errors  in  optical  components  ate  of  order 
0.02-0.05  waves  rms.  Since  each  diagnostic  leg  has  several  components,  this  could 
easily  account  for  the  observed  0.1  wave  rms  difference. 


GOOD  QUALITY  POOR  QUALITY  GOOD  QUALITY 

SEED  BEAM  PUMP  BEAM  AMPLIFIED  STOKES  BEAM 


figure  3  -  Raman  beam  clean  up  was  demonstrated  using  an  extremely 
aberrated  pump  beam  and  a  good  quality  Stokes  seed  beam  to  produce  a 
good  quality  amplified  stokes  beam.  The  shearing  interferometry  data 
was  fit  to  a  sixth  order  polynomial.  The  resulting  wavefront  was 
fourier  transformed  to  provide  the  far  rielO  sp'^r  simulations  shown. 

Next  we  took  a  phase  aberrator  plate  (a  two  pass  I.UPI  photo  is  shown  at  the  top  of 
figure  2)  and  inserted  it  in  the  Stokes  seed  path.  This  distortion  amounted  to  1  wave 
peak  to  valley  with  2  cycles  across  the  aperture  (figure  4).  This  was  a  wavefront  error 
of  0.56  waves  rms  (>100  XDL).  T’e  amolifirr.l  Stokes  showed  the  same  w.^jefionr  error. 
After  Liie  input  and  output  wavefronts  were  subtracted  the  difference  was  0.1  waves  rms. 
The  previous  arguments  about  glass  differences  in  the  two  diagnostics  legs,  of  course, 
rema in . 
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PHASE  DISTORTED 
SEED  BEAM 


INPUT  PHASE  RETAINED  ON 
AMPLIFIED  STOKES  BEAM 


WAVEFRONT  FIDELITY  s  0.1  WAVES  RMS 
(INCLUDING  DIAGNOSTICS) 


figure  4  -  Raman  phase  preservation  was  demonstrated  using  a  phase 
aberrator  plate  to  distort  the  Stokes  seed  beam  and  comparing  the 
input  phase  with  the  output  phase.  These  data  are  3D  representions 
of  the  phase  with  the  full  scale  on  the  vertical  axis  being  2  waves. 

The  difference  between  the  input  and  output  phase  is  the  final  plot 
with  the  vertical  axis  the  same  as  the  previous  plots. 

Conclusions 

We  have  demonstrated  phase  preservation  in  a  high  gain  (>1000)  Raman  amplifier.  The 
phase  oreserved  had  0.55  waves  rms  of  aberration  and  the  Raman  conversion  efficiencies 
were  high  (40-60%) . 
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COPPER  AND  GOLD  VAPOR  LASERS: 

RECENT  ADVANCES  AND  APPLICATIONS. 

C.E.  Webb 

The  Clarendon  Laboratory,  Parks  Road,  Oxford  0X1  3PU,  England. 


1.  Pulsed  Metal  Vapor  Lasers. 


1 . 1  Principles  of  Operation. 


In  1965  Fowles  and  Silfvast^  reported  observation  of  laser  action  on  the  723nin  trans¬ 
ition  of  neutral  Pb,  excited  in  a  pulsed  discharge  containing  lead  vapor  and  a  rare  gas 
buffer.  The  lead  vapor  laser  proved  to  be  the  forerunner  of  an  entire  class  of  lasers,  of 
which  the  copper  vapor  laser  (CVL)  and  gold  vapor  laser  (GVL)  are  the  best  known  examples. 

Laser  oscillation  on  the  green  (511nm)  and  yellow  (578nm)  transitions  of  atomic  copper 
was  first  demonstrated  by  Walter  et  al^  in  1966.  The  features  which  characterize  the 
operation  of  the  CVL  (and  all  members  of  the  class  cf  "self-terminating" laser  systems) 
arise  from  the  particular  arrangement  of  energy  levels  in  the  atomic  laser  species. 


Next 


Fig. 1 . 

Energy  Levels 
Atomic  Copfjer. 


As  shown  in  Fig.l,  the  lowest  configuration  of  the  copper  atom  has  one  4s  electron 
outside  a  complete  sub-shell  of  ten  3d  electrons,  giving  rise  to  the  ‘^Sh  ground  state. 

Just  as  in  the  case  of  alkali  atoms,  which  also  have  one  s  electron  outside  complete 
shells,  there  is  a  sequence  of  excited  levels  arising  from  configurations  in  which  the 
outer  electron  is  promoted  into  orbitals  of  successively  higher  n  and  1.  In  particular, 
the  first  such  configuration  3dl0  4p  gives  rise  to  a  pair  of  levels  ^P3/2  and  ^Fl/2  which 
are  optically  connected  to  the  3d^®  4s  ^Si/2  ground  state  by  the  strong  resonance  trans¬ 
itions  at  325  and  328  nm.  However,  the  copper  atom's  energy  level  diagram  shows  a  feature 
lacking  in  those  of  alkali  atoms.  In  Cu,  the  configuration  3d^  45*^  has  an  energy  well 
below  the  ionization  energy,  indeed  it  gives  rise  to  ^05/2  and  ^D3/2  levels  only  1.4  and 
1.64  eV  above  the  ground  state.  The  ^D  levels  are  fully  metastable  since  optical  decay 
from  them  to  the  ground  state  is  completely  forbidden  to  electric  dipole  radiation  since 
they  have  the  same  parity  (even)  as  the  ground  state.  Moreover,  if  the  central  field 
approximation  were  a  completely  valid  description  of  the  Cu  atom,  the  — ►^D  transitions 

would  also  be  forbidden  since  they  would  require  two  electrons  to  jump  simultaneously. 
However,  enough  configuration  interaction  remains  to  provide  moderate  transition  pro¬ 
babilities  on  the  laser  transitions; 


3d^'^  4p 


3d^°  4p  ^P 


1/2 


9  2  2 

3d^  4s  D5/2 

511nm 

( green) 

(A)"^ 

=  450ns 

_  .9  .2  2,^ 

3d  4s  ^3/2 

578nm 

(yellow) 

(A)'^ 

=  600ns 

Under  conditions  of  practical  interest  for  CVL  operation,  the  density  of  copper  in  the 
vapor  phase  is  sufficiently  "^igb  (10^^  atoms  cm“^)  that  radiation  on  the  ^P  — >  resonance 
lines  is  completely  trapped.  The  transitions  from  the  2p  to  the  levels  (i.e.  the  laser 
transitions)  represent  the  only  effective  radiative  decay  route  for  the  upper  laser  levels. 
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Because  decay  troni  the  it^wer  laser  lov<'ls  can  occur  only  via  col  1  i  i  i  ma  1  [in  icossos 
which  are  effective  only  over  relatively  long  t  iriesc-iles,  tht'  CVL  i  ii  comnion  with  all  l.iser, 
systems  of  this  class  completely  fails  to  satisfy  the  necessary  ci>nilition  for  CW  operation  ' 

(gp/gi)  '^1  , 

in  which  A21  is  the  Kinstein  Coefficient  fiir  spontaneous  eniLssion,  and  go  are  the  re¬ 
spective  statistical  weights  of  upper  and  lower  lev'els,  and  is  the  effectiv'e  decay  time 

of  the  lower  laser  le\’el  under  conditions  of  laser  operation. 

Although  the  cross-sections  for  collisional  excitation  of  atoms  by  electrons  do  nrit 
obey  rigorously  the  optical  selection  rules  (especially  at  t'nergies  near  the  thresliold  for 
excitation)  it  is  still  true  to  say  that  collisional  processes  which  inv'olve  the  promotion 
of  an  inner  electron  tend  to  be  of  low  cross-section,  while  those  corresponding  to  fully 
allowed  optical  excitation  of  the  oute r  electron  are  likely  to  have  the  highest  cross- 
section.  Fience  if  a  fast-rising  pulse  of  current  is  applied  to  a  discharge  tube  contain¬ 
ing  a  mixture  of  buffer  gas  (e.g.  neon  at  20-100  torr)  and  copper  vapor  (0.1  -  1  torr),  the 
rate  of  collisional  excitation  of  the  upper  laser  levels  will  exceed  that  of  the 
lower  levels  provided'^  that  the  electron  temperature  remains  above  about  1.2gV.  Thus,  in 
the  early  part  of  the  discharge  current  pulse,  which  might  typically  last  for  300-500ns,  a 
substantial  population  inversion  can  be  created. 

The  gain  on  the  511  and  578  nm  transitions  from  ^P  to  is  sufficiently  strong  (10“^ 
per  single  pass)  that  strong  oscillation  builds  up  in  two  or  three  cavity  round  trip  times. 
Stimulated  emission  is  by  then  dumping  population  into  the  metastable  lower  laser  levels 
which  have  no  means  of  disposing  of  it  on  timescales  of  tens  of  nanoseconds.  Ttiis  pre¬ 
cipitates  a  rapid  switch  in  the  behavior  of  the  active  medium  -  from  high  gain  to  high  Icjss 
-  and  the  laser  action  sel f-te rmi nates  well  before  the  end  of  the  current  pulse. 

A  schematic  representation  of  this  change  from  high  gain  to  loss  based  on  measurements 
on  a  40  Watt  CVL  by  Lewis  et  al^  at  the  Clarendon  Laboratory  is  shown  in  Fig. 2. 


1.2.  A  Brief  History  of  the  CVL. 

The  earliest  CVL,  constructed  by  Walter  et  al“  in  190(i,  employed  an  alumina  discharge 
tube  (lOmm  internal  diameter  and  80cni  length)  containing  metallic  copper  pellets  and  helium 
buffer  gas.  To  bring  the  density  o''  copper  vapor  up  to  the  range  required  for  laser 
operation,  the  tube  was  heated  to  1 500‘-’C  by  an  external  oven.  A  year  later  the  same 

American  group  stKiwed ^  that  operation  in  short  bursts  of  pulses  with  a  1.25  kHz  repetition 
rate  within  eacli  burst,  could  be  obtained  at  an  efficiency  of  1.2rr  if  the  power  needed  for 
the  oven  was  not  inclucied. 

In  1972,  anrjther  step  forward  was  made  by  researchers  in  the  USSR  with  the  demonstra¬ 
tion  by  Isaev  et  al^’  that  not  only  was  f>iX’ration  on  an  uninterrupted  train  of  pulses 
possible,  but  that  by  surrounding  the  tube  with  a  thick  layer  (jf  ttiormal  insulation,  tlie 
heat  trom  the  riischargo  was  itself  sufficient  to  bring  t  lie  tube  up  to,  and  ii}aintain  it  at, 
opierating  temperature.  By  this  means  the  Russian  workers  were  able  to  demonstrate  a  CVL 
of  15  Watts  mean  power  anrl  an  overall  efficiency  of  1%. 

In  the  mid-1970s,  the  requirement  arose  lor  an  efficient  high  power  mul  t  i -k  i  J  t)he  rt  z 
pulsed  laser  source  for  pumping  large  arrays  of  dye  laser  amplifiers  in  connection  witli  the 
Atomic  Vapor  Laser  Isotope  Separation  (AVLIS)  project  at  Lawrence  Livermore  Latiorat o ry . 

The  CVL  quickly  established  itself  as  the  most  promising  contender  for  this  application. 
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The  AVLIS  program^  prov'ided  much  of  tV.e  stimulus  for  CVL  devolopnit-nt  in  the  USA  frrjiii  197S 
onwards . 

The  next  key  advance  was,  however,  to  come  from  a  group  in  Israel.  In  1978  Smi lansky 
et  al®  demonstrated  efficient  CVL  operation  in  discharge  tubes  of  considerably  wirier  bore 
(40mm)  and  higher  pressures  of  neon  buffer  gas  (above  lf)0  tort)  titan  had  previously  been 
used.  This  demonstration  of  the  volumetric  scalability  of  the  CVL  showed  that  sttme  pro¬ 
cess  other  than  wall  collisions  was  active  in  depopulating  the  metastable  “D  lower  laser 
levels  in  the  interval  between  pulses.  Later  work  at  LLNL  and  Oxford"^  has  provided 
strong  evidence  that  “D  depopulation  is  brought  about  by  superelastic  collisions  with 
plasma  electrons  which  are  present  in  appreciable  numbers  throughout  the  inter-pulse 
period.  Similarly,  the  fact  that  the  ionization  does  not  decay'  completely  between  laser 
pulses  explains  another  surprising  feature  of  Smilanski's  results,  namely  the  excellent 
uniformity  with  which  the  discharge  fills  the  40mm  bore  tube.  Discharges  in  such  wide 
tubes  at  these  relatively  high  pressures  of  rare  gas  tend  to  be  self-constricted  and  to 
follow  i rreproducible  tortuous  paths  between  the  electrodes.  However,  the  ionization  re¬ 
maining  from  one  pulse  to  the  next  provides  sufficiently  strong  pre-ioni za t ion  at  the  start 
of  each  pulse  to  ensure  that  the  discharge  current  builds  up  from  an  initial  distribution 
which  is  uniform  across  the  tube  diameter  every  time. 

Continued  development  of  CVL  technology  over  the  past  ten  years  has  led  to  devices  of 
high  reliability  and  power  capaoility.  Since  power  can  be  extracted  efficiently  from 
these  devices  when  operated  as  single-pass  amplifiers,  it  is  possible  to  couple  many  such 
units  into  power  amplifier  chains  as  in  the  AVLIS  demonstration  facility  at  LLNL.  Each  of 
the  80mm  diameter  amplifier  units  in  the  chain  adds  more  than  200  Watts  to  the  beam,  re¬ 
sulting  in  a  combined  output  of  SMf]  from  the  array^. 

1 . 3  CVL  Development  at  Oxford. 

In  a  1975  publication,  Piper*^  described  the  construction  and  operating  characterist¬ 
ics  of  the  first  transversely-excited  copper  halide  laser.  Since  that  time  the  Gas  Laser 
group  at  the  Clarendon  Laboratory  has  continued  to  make  contributions  to  the  understanding 
of  CVL  mechanisms  and  the  development  of  practical  CVL  systems. 

Based  on  those  design  concepts  commercial  production  of  CVLs  and  associated  equipment 
was  undertaken  by  Oxford  Lasers  Ltd.,  starting  in  1980  with  the  introduction  of  the  Model 
Cu25  laser,  a  CVL  of  25  W  mean  power.  Continued  research  and  development  at  Oxford 
Lasers  Ltd  has  enabled  significant  advances  to  be  made  in  CVL  reliability  and  performance. 
Twday  (1987),  the  company  is  the  largest  commercial  enterprise  specializing  in  the  manu¬ 
facture  of  CVL  and  GVL  systems.  To  provide  an  indication  of  the  performance  characterist¬ 
ics  of  a  state-of-the-art  CVL  system,  the  parameters  of  the  Oxford  Lasers  Moael  Cu60  laser 
(the  highest  power  CVL  commercially  available) are  listed  below: 

Average  Power  on  511  and  578nm  combined 
Green:  Yellow  power  ratio 

Pulse  energy  --  lOmJ  Pulse  width 

Pulse  repetition  frequency 
Timing  jitter  on  command  triggering 
Beam  diameter 

Beam  divergence  (plane-plane  cavity) 

Beam  divergence  (unstable  resonator  cavity) 

Power  consumption  (max) 

Cooling  water  requirement 


-  60  Watts 

-  1.2  :  1 

- 15-'^0  ns 

-  5-10  kHz 

-  Ins  RMS 

- 42  mm 

-  6  m  rad 

-  0.6  m  rad 

- 8  kW 

-  3  lit/min. 


2 .  Recent  Advances  in  CVL  Technology 
2 . 1  Unstable  Resonator  Development. 


When  operated  as  an  oscillator  in  the  standard  cavity,  comprising  one  high  reflectance 
plane  mirror  and  a  plane  silica  blank  as  output  coupler,  a  Cu  40  laser  (the  standard  40 
Watt  workhorse  of  the  Oxford  Lasers  range)  produces  a  beam  which  in  the  near  field  is  uni¬ 
form  in  intensity  over  its  full  diameter.  However,  as  indicated  in  Fig.  3a,  the  far  field 
beam  focus  pattern  is  annular,  and  the  divergence  of  tiie  beam  is  about  6  mi 11 i radi ans . 

The  annular  nature  of  the  beam  pattern  produced  under  these  conditions  is,  as  shown  by 
Naylor^^,  due  to  the  fact  that  the  timing  of  gain  depends  on  radial  position  within  the 
discharge  tube.  At  the  start  of  each  pulse,  the  gain  rises  first  at  positions  near  tlie 
tube  wall,  and  there  is  a  measurable  delay  of  several  nanoseconris  before  the  gain  at  the 
tube  axis  reaches  comparable  values.  Thus,  the  radiation  wliich  "seeds"  the  cavity  is  ASE 
which  has  an  angular  distribution  such  that  when  imaged  by  a  lens  it  appears  to  ha\'e  orig¬ 
inated  from  a  continuous  ring  of  "point"  sources  near  the  tube  ivall. 
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POWER  BASED  ON  R  Cu40  LASER 


Some  improvement  in  beam  quality  can  be  obtaiin'il  by  proviiiinn  tlie  la^^er  iv  i  t  h  a  lam- 
focal  unstable  resonator  as  shown  in  Fig.  3b.  Un to rt until e  1  y  the  light  must  lii.ike  stas  ral 
round  trips  within  the  cavity  before  the  benefit  <if  the  angulai'  <i  i  sc  r  im  i  na  t  i  <  m  provided  tjy 
the  cavity  becomes  fully  effective.  Since  the  axial  region  of  tlie  4Jrini  ditimelf'r  dis¬ 
charge  tube  of  the  Cu40  sliows  gain  for  only  abcjut  SOns,  the  number  iif  rf>iiiKi  trips  of  th('  dm 

long  cavity  is  restricted  to  perhaps  four  or  five  at  most.  Tlu'  indiviiiual  rouiui  trips  are 

visible  in  the  far-field  focus  pattern  as  a  sequence  of  concentric  rings,  u'ith  tlie  earliest 
part  of  the  gain  pulse  corresponding  to  the  outermost  ring  and  so  on.  Only  tlie  very  last 
part  of  the  gain  pulse  contributes  to  the  low  divergence  component  making  up  the  central 
spot.  Under  these  conditions  the  meat,  power  of  the  beam  within  0,2  mi 1 1 i radi ans  is  only 
10-15  watts. 

A  simple  modification  which  yields  a  very  worthwhile  improvement  is  to  jilace  the  small 
convex  mirror  of  the  unstable  resonator  off  axis  as  sliown  in  Fig.  3c.  Now  the  rariiation 
which  seeds  the  cavity  appears  to  come  from  one  pointlike  source  near  the  periphery  of  the 
tube.  Since  the  gain  rises  earlier  in  this  region  than  at  the  axis  of  the  tube,  the  time 
available  for  the  development  of  a  low  divergence  beam  is  some  10ns  longer.  Thus  the 
final  part  of  the  pulse  contains  a  greater  fraction  of  the  total  energy,  and  the  beam  cr>ni- 
ponent  with  a  divergence  less  than  0.2  milliradians  has  a  mean  power  in  the  15-20  watt 

range.  As  indicated  in  Fig.  3c,  the  far  field  focus  pattern  in  this  arrangement  consists 

of  a  weak  halo  of  light  which  has  made  only  one  or  tivo  cavity  transits.  H<twever,  the 
bright  spot  of  low  divergence  cav/i  t  y-cont  rol  led  light  now  lies  on  the  circumference  ('f  this 
ring  and  not  at  its  center. 

2 . 2  Injection  controlled  Oscillator. 


A  further  stage  in  the  improvement  of  CVL  beam  quality  was  brought  about  with  the 
development  of  the  injection  controlled  device  shown  in  Fig.  3d.  In  this  arrangement  the 
beam  from  a  small  CVL  (whose  beam  divergence  is  limited  by  intra-cavity  apertures)  is 
launched  into  the  cavity  of  a  Cu40  laser  controlled  by  an  off-axis  unstable  resonator. 

By  adjusting  the  relative  timing  so  that  the  discharge  in  the  small  laser  module  fires  be¬ 
fore  that  in  the  Cu40,  it  is  easy  to  ensure  that  the  main  Cu40  cavity  is  filled  with  rad¬ 
iation  of  low  angular  divergence  before  its  gain  pulse  starts  to  rise.  The  coupling  of 
the  cavities  of  the  two  laser  modules  is  accomplished  by  positioning  a  beam  splitter  to 
enable  them  to  share  the  small  convex  mirror  as  an  element  common  to  both.  With  this 
arrangement  the  Cu40  can  now  emit  low  divergence  light  over  practically  the  entire  gain 
period,  so  that  it  produces  a  mean  power  in  the  range  30-40  watts  in  a  beam  of  less  than 
0.2  milliradians  divergence. 

Extending  this  concept  by  using  a  Cu  60  module  as  a  single  pass  amplifier  following 
an  injection  locked  oscillator  similar  to  that  of  Fig.  3d,  Naylor,  Lewis  and  Kearsley^^ 
have  recently  demonstrated  a  device  producirig  100  watts  mean  output  power,  of  which  80 
watts  is  within  a  beam  of  0.4  milliradians  full  angle  of  divergence. 

2 . 3  Short-pulse  CVL  Pump  Source  for  femtosecond  Pulse  Amplification. 

Synchronously-pumped  mode-locked  dye  laser  systems  produce  trains  of  picosecond  pulses 
at  a  repetition  rate  of,  typically,  80  MHz.  Such  pulses  can  be  further  shortened  by 
various  techniques  to  durations  of  order  lOOfs  or  less.  However,  each  pulse  in  the  train 
contains  very  little  energy,  usually  not  more  than  one  n J .  In  order  to  bring  the  pulse 

intensity  up  to  the  range  where  it  is  suitable  for  practical  applications,  it  is  necessary 
to  boost  the  pulse  energy  in  a  dye  laser  amplifier. 

The  choice  of  pump  source  used  to  provide  the  excitation  for  this  final  amplifier  has 
important  consequences  for  the  data  rate  capability.  Early  systems  employed  frequency- 
doubled  Nd:YAG  lasers  for  this  purpose,  but  their  limited  repetition  rate  (typically 
5-30  Hz)  meant  that  fewer  than  one  in  a  million  of  the  femtosecond  pulses  in  the  80MHz  train 
could  be  amplified,  and  the  data  rate  is  limited  to  that  of  the  Nd:YAG  laser. 

The  concept  of  using  a  CVL  to  pump  a  multi-pass  dye  gain  cell  to  amplify  a  train  of 

f s  pulses  was  introduced  in  1984  by  Knox  et  al^^  of  AT&T  Bell  Laboratories,  The  in¬ 
crease  of  repetition  rate  of  the  pump  laser  from  10  Hz  to  10  kHz  immediately  brings  a 
thousandfold  increase  of  data  rate,  and  a  significant  increase  in  the  mean  power  of  the 
signal  at  the  amplifier  output.  Moreover,  since  the  recovery  time  of  the  dye  laser  gain 
is  of  order  Ins,  energy  can  still  be  extracted  efficiently  when  a  given  fs  pulse  is  passed 
repeatedly  through  the  gain  medium  up  to  six  times  during  the  time  it  is  being  pumped  by  a 
single  CVL  pulse.  However,  there  is  a  problem  concerning  the  optimum  duration  of  the  CVL 
pulse.  If  the  gain  cell  of  the  dye  amplifier  is  pumped  for  much  longer  than  12  ns  then 

two  or  more  neighbouring  pulses  in  the  80  MHz  train  will  be  inside  the  amplifier  at  the 

same  time,  competing  for  the  available  gain.  Obviously,  this  situation  has  undesirable 
consequences  from  the  point  of  view  of  amplitude  stability  and  reproducibility.  To  avoid 
this,  it  is  necessary  to  reduce  the  pulse  length  of  the  CVL  to  12  ns  or  less,  without  at 
the  same  time  reducing  its  peak  power. 

Running  the  CVL  at  an  abnormally  elevated  temperature  can  have  some  pulse-shortening 
effect,  but  this  expedient  cannot  be  recommended  since  it  shortens  the  life  of  the  copper 
charge  and  may  damage  the  discharge  tube. 
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POWERS  FOR  Cu40  LflSER- 
C GREEN  COMPONENT  ONLYT 


SHORT  PULSE  OPTICS 


figure  4a 


SHORT  PULSE  LOW  DIVERGENCE  OPTICS 
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figure  4b 
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The  soluiion  to  tlie  priibLeni,  lieveloped  by  Lewis  and  Naylur''^,  is  I  '  utilize  the  uuin 
switi..iing  prupctties  of  t(io  CVL  ttischarge  desciibod  in  section  1.1  and  I'ig.  U.  above.  11, 
on  its  I'inal  transit,  the  (inlsc  Trora  a  CVL  is  returned  thronol)  the  d  i  scli/i  rnr'  with  ;i[)pro- 
priaiG  tiinirj,  its  trailing  edge  will  be  strongly  truncated  absorption.  TIk’  jnilse  is 
thus  shortened  without  reducing  its  peak  power.  I'ig.  4a.  sIkiws  a  siiiiplt'  a  r  rangenienl  liir 
implementing  this  sctiemc,  which  involves  nothing  more  than  remo\'ing  the  liinh  rellectanco 
mirror  to  a  distance  of  l.o  'i  or  so  from  tiie  end  of  the  discharge  tube.  To  make  a  cou- 
\'Gnient  ly  compact  layout,  the  cavitv  can  be  folded  by  plane  reflGct('irs  as  sliown.  Also  as 
indicated  in  Fig.  4a.  the  pulse  width  on  the  hllnm  transition  .obtained  from  a  Cu4()  laser 
iiKjdified  in  this  way  is  lOns  FlflfM,  and  the  mean  power  is  7  watts  on  the  greon  line  only. 

An  improvGineni  on  this  scheme  due  to  Naylor^"^,  combining  the  advantags'S  of  tlic  off- 
axis  unstable  resonator  with  this  pulse  shortening  tecliniqi.e,  is  shown  in  !■' i  cj .  4b.  Not 
only  has  the  pulse  energy  been  increased  ivhile  retaining  the  Suine  pulse  ividth,  but  the 
I ocussahi 1 i l y  of  the  beam  has  been  improved  by  almost  an  order  of  magnitude. 

Still  further  improvements  on  this  scheme  are  possible,  whicii  exploit  to  full  advant¬ 
age  the  difference  in  rise  time  of  gain  at  the  discharge  tube  wall  and  axis.  The  best 

results  to  date  have  been  obtained  ivith  such  a  scheme.  As  indicated  n  Fig.  4c.  this  has 

allowed  a  mean  power  of  12  watts,  on  the  511nm  transition  only,  to  be>  extracted  from  a 

Cu40  lasr  '  modul'^,  i.i  a  beam  of  less  than  0.4  mi  1  li  ra<lians  divergence. 

3 .  The  Gol<i  Vapor  Laser. 


3 . 1  excitation  Mechanisms. 

The  gold  vapor  laser  (GVL)  is  another  member  of  the  cltiss  of  "  sel  f- te  rmina  t  i  ng"  laser 
systems  to  liave  fotind  applications  outside  the  laboratory.  Gold  lasers  are  similar  to 
copper  lasers  in  their  con.,  i  ruct  i  on  and  operating  characteristics.  This  close  similarity 

ciises  because  gold  is  ’lie  only  element  in  the  entire  periodic  table  with  exactly  the  same 
arrangement  o  I'  low  lying  atomic  energy  levels  as  copi.-.r. 


Fig. 5.  Upper  and  lower  laser 
levels  of  Cu  and  Au. 


As  shown  in  Fig, 5,  which  compares  the  energy  levels  of  Au  and  Cn  side  by  side,  the 
configuration  5d  hs  gives  rise  to  the  ^Si/c  ground  state  in  Au .  However,  the  upper 
laser  levels  of  Au  which  arise  from  the  configuration  Sd^®  bp,  are  almost  leV  higher  in 
energy  than  th'  corresponding  “P  levels  in  Cu,  and  shtnw  a  much  greater  spin-orbit  splitting 

as  would  be  expt'cted  in  a  heavier  clement.  Similarly,  the  lower  laser  levcds,  \;hich 

arise  from  nd  (is*- ,  are  separaterl  by  four  times  as  great  a  splitting  as  in  Cu.  Thus, 
while  the  level  of  Au  (some  2 . 6gV  above  the  ground  state)  is  leV  liigher  than  tlie 

corresponding  level  of  Cu,  the  ■"ns/2  level  (at  l.OeV)  is  some  0,4eV  lower  than  its  counter¬ 
part  in  C  u . 

These  slight  differences  in  the  energy  level  scliomes  of  Cu  and  Au  do  have  some  inter¬ 
esting  con sequpnctv s  frrr  laser  rrperation  in  the  two  metal  vapors.  In  order  to  pioviric 
sufficient  density  erf  gold  vapor  for  laser  operation,  the  tube  temperature  has  to  be  in¬ 
creased  to  1()00‘’C  because  gold  is  somewhat  It'ss  volatile  than  copper.  At  this  temperature 
the  tliernial  population  (if  tire  “03/2  significant,  and  relaxation  of  its  population  be- 
twec'n  pulses  is  not  very  f'ff<’ctive.  As  a  consequence,  oscillation  on  the  ' '  V  '.12  nm  trans¬ 
ition  of  Au  (analogi'ius  to  311  nm  in  Cu)  is  difficult  to  obtain  espr'cially  in  discharge 

tubes  of  bore  much  wider  than  13mm  at  high  repetition  rates. 
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In  contrast,  the  emptying  of  the  ~D3/2  level  of  Au  beliveen  laser  pulses  is  ev'oji 

effective  than  its  Cu  count  e  rj)a  rt  ,  with  the  result  that  the  red  028  nm  transition  of  Au 

(the  analogue  of  578  nm  in  Cu)  shows  a  constant  0.2fr  efficiency  as  the  repetition  rate  of  a 

42tnm  diameter  GVL  is  increased  from  5  to  201<Hz.  Over  the  same  range,  the  efficiency  of  a 

eVL  of  the  same  size  decreases  by  a  factor  of  three,  from  1.25?  at  5kMz  to  0.45?  at  20kHz'^. 

The  fact  that  the  efficiency  of  the  GVL  is  lower  than  the  CVL  is  partly  duo  to  techno¬ 
logical  considerations,  since  to  avoid  problems  with  laser  tube  construction  materials  the 
discharge  must  be  kept  at  temperatures  which  are  slightly  beliiw  optimum  for  laser  o[)eration 
at  628  nm.  Operation  at  temperatures  above  KiOO'^C  for  brief  peririds  is  possible  with  a 
consequent  improvement  in  efficiency  as  shown  by  recent  experimental  work  carried  out  by- 
Lewis  et  al^-\ 

For  practical  gold  vapor  lasers  tho^,  the  constraints  imposed  by  considerations  of  fiis- 
charge  tube  lifetime  imply'  that  efficiencies  for  producing  the  red  628  nm  output  are 
limited  to  about  half  iif  that  obtainable  on  the  analogous  yellow  578  nm  tiansition  of  Cu. 
Thus,  while  the  Cu40  is  capable  of  producing  J8  watts  of  output  on  the  copper  yollfiw  line, 
a  device  of  similar  dimensions  operated  as  a  GVL  produces  9  watts  of  red  light.  With  tliis 
rating,  the  Oxf<jr(i  Lasers  Model  AulO  lias  the  highest  mean  power  of  any  GVL  currently  avail¬ 
able  commercially. 

3. 2  Photodynamic  Therapy. 

Photodynamic  therapy  (POT)  or  Photo-radiation  therapy  as  it  is  sometimes  called,  is  an 
application  where  the  red  output  of  the  gold  laser  is  especially  valuable.  This  form  of 
treatment  for  cancer  relies  upon  the  phototoxic  effect  produced  by  certain  light  sensitive 
materials.  At  the  moment,  the  best  established  of  these  is  haematoporphryn  derivative 
(HpD),  a  natural  chemical  which  is  present  normally  in  minute  quantities  in  the  blood.  To 
treat  cancer,  a  large  dose  of  this  chemical  is  injected  into  the  patient.  The  bloodstream 
carries  it  to  all  regions  of  the  patient's  I'ody  but  after  three  or  four  days  its  concentra¬ 
tion  in  normal  tissue  is  somewhat  lower  than  in  the  cancer  tissue  which  cannot  dispose  of 
it  as  effectively.  At  this  point  in  the  procedure  the  region  of  the  patient's  body  where 
the  tumor  is  located  is  flooded  with  light  of  a  particular  wavelength.  The  light  does  not 
have  to  be  applied  in  a  highly  localized  fashion  since  it  is  not  the  cutting  or  vaporizing 
action  that  is  being  used  (as  in  the  case  <)f  laser  surgery  with  CO2  or  Nd:YAG  lasers)  but 
instead  the  light  is  userl  to  pronu-)te  a  photochemical  reaction  deep  within  the  volume  of  the 
tumor.  There  is  a  real  advantage  in  applying  the  light  in  a  broad  area  over  the  region  of 
the  tumor  tissue;  there  may  bo  small  secondary  infections  in  the  region  which  are  too  small 
to  detect  visually  and  y'et  may'  still  be  eliminated  by  the  technique. 

The  HpD  works  by  absorbing  photons  of  visible  light  which  excite  it  to  a  singlet  state 
from  which  it  decays  to  a  longer  lived  triplet  slate.  HpD  molecules  in  the  triplet  state 
collide  with  O2  mcjlecules  in  the  bloodstream  and  pass  on  their  excitation  leaving  the  O2 
in  the  highly  reactive  singlet  delta  state.  In  this  form  the  O2  aggressively  attacks 
everything  in  its  t'icinity,  which  is  mainly  the  cells  of  the  tumor.  The  major  effect  is 
to  remove  the  blood  supply  to  the  tumor  mass  which  then  dies  and  is  sloughed  off  to  leave  a 
wound  which  scabs  over  and  heals  in  the  normal  way. 

The  light  which  induces  the  photochemical  activation  of  HpD  must  have  a  wavelength 
short  enough  to  access  the  singlet  state  of  HpD,  and  yet  long  enough  to  escape  absorption 
in  the  haemoglobin  component  of  blood.  These  considerations  set  limits  of  about  610  nm  to 
the  short  wavelength  end  and  640  nm  to  the  long  wav'elength  end  of  the  spectral  region  that 
can  be  used.  The  GVL,  with  its  output  at  628  nm  is  ideally  matched  to  this  requirement. 
Gold  lasers  have  been  in  use  for  several  years  now  at  treatment  centers  in  the  USA,  Europe 
and  Japan.  For  further  details,  the  reader  is  referred  to  the  medical  literature  on  the 
subject 

Since  the  coherence  properties  of  the  laser  are  not  used  directly  in  this  application, 
it  might  be  thought  that  an  arc  lamp  might  provide  an  equally  effective  light  source. 
However,  to  isolate  the  wanted  spectral  baml  from  the  output  of  a  black  body  source  in¬ 
volves  a  massive  task  of  filtering  and  cooling.  Moreover,  to  obtain  sufficient  intensity 
in  the  wanted  band  in  order  to  keep  exposure  times  within  reasonable  bounds  implies  the  use 
of  an  extremely  powerful  arc  light. 

Short  exposure  times  are  not  the  only  advantage  of  using  laser  sources  for  PDT  appli¬ 
cations.  The  ability'  to  launch  laser  light  into  narrow  optical  fibers  with  good  efficien¬ 
cy  means  that  the  rtxjuired  optical  radiation  dose  can  be  delivered  to  tumor  sites  anywhere 
within  the  body  acc<'ssibl(>  by  endoscope.  Also,  by  implanting  several  fibers  directly' 
within  a  tumor,  it  is  possible'  '  >  irraeliate  a  large  mass  of  tumor  from  several  locations 
simultaneously  to  ensure  good  penetration  of  light  to  all  parts  of  the  tumor.  Fig. 6  shows 
a  9  watt  GVL  in  use  at  the  Rc,yal  South  Hampshire  Hospital  in  Southampton,  England,  which  is 
fitted  with  a  fiber  optic  delivery  sy'stem  providing  output  on  four  separate  fibers  simul¬ 
taneously  . 
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Fig. 6.  Oxford  Lasers  Model  AulO,  Gold  Vapor  Laser  fitted  with 
4-way  Fiber  Optic  Delivery  System  (cover  removed). 
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Abstract 

The  original  idea  to  use  the  negative 
glow  for  laser  pumping  is  reviewed.  Some 
successes  in  developing  a  He-Cd'*'  white- 
light  laser  and  its  application  to  a  proto¬ 
type  full  colour  printer  are  described. 
Some  ideas  for  giving  direct  modulation 
to  the  white  light  laser  are  proposed. 
A  new  candidate  of  a  high-power  white- 
light  laser  consisting  of  Au(I):627.8  nm 
(red),  Cu ( I ) :  510.6  nm  (green)  and 
Sr(II):  430.5  nm  (blue)  is  suggested. 


I n  t  roduction 


1.  Definition  of  white-light  laser 

The  white-light  laser  oscillates  on  the 
three  primary  colours  simultaneously.  In 
the  past  ten  years  many  researches  on  the 
development  of  single  gun  system  cw  .Hhite- 
light  lasers  have  been  carried  out.'^*"''®' 


Some  of  them 


a  rare-gas-mixtures  as  the 


gas -meta 1 -vapour -m ixtures.  The  metal- 
vapour  are  mixed  with  the  rare-gases  after 
being  evaporated  by  an  electric -oven  or 
by  discharge-heating  itself.  From  the 
point  of  view  of  pumping  source,  some  of 
them  use  the  positive  column  in  a  low 
pressure  glow  discharge  with  a  skilful 

Optics  '^'  tA/hnlo  +-ho  nt-hor«;  nc;o  hho  n  - 


,  while  the  others  use  the  nega- 


five  glow  mainly  in  a  form  of  the  hollow- 
cathode  discharge*''''^'. 

The  author  and  his  colleagues  have  been 
successful  in  developing  a  white-light 
laser  by  using  the  negative  glow  in  a 
ho 1 1 o w  -  ca t h od e  structure  with  a  He-Cd 
mixture.  The  wavelengths  of  oscillating 
lines  are  636.0  and  635.5  nm  (red),  537.8 
and  533.8  nm  (green)  and  441.6  nm  (blue). 
Using  a  white-light  laser  oscillator  which 
has  similar  construction  as  our  original 
one'^'  but  was  cultivated  its  performance 
by  a  manufacturing  company,  a  prototype 
full  colour  image  printer  has  been  success¬ 
fully  developed' ^ ^ *  by  a  co-operation  with 
a  Research  Institute  of  another  production 
company . 

In  this  paper,  the  principle  of  the 
hollow -cathode  type  cw  white-light  laser  is 
explained,  the  system  of  full  colour  print¬ 
er  is  described  and  the  properties  of  its 
products  is  discussed.  New  aspects  on  the 
white-light  laser  are  introduced  and  a  new 
candidate  of  high-power  white-light  laser 
is  suggested. 


2.  Properties  of  white-light  laser 

Figure  1  shows  the  partial  energy 
diagram  and  laser  transitions  of  three 
primary  colours  of  Cd  ion.  As  is  clear 
from  rig.1,  three  colour  laser  transitions 
have  different  excitation  mechanisms. 
Some  proposals  on  the  excitation  mechanism 
are  as  f  o  1 1  ow s  ' '  ^  ' 


He''^  +  Cd 


He  +  (Cd''’)  (6g  ^G)  (red) 


e  <■  Cd 


•-2e  +  ( Cd '*' )  (4f  ^F°)  (green) 


Cd - He 


e  +  Cd  * 
( fast ) 


+  Cd - 2He4  +  (Cd''')*(4d^5s2 


(blue) 


(slow ) 


where  m  means  the  metastable  state  and  * 
the  usual  excited  state. 

Figure  2  shows  the  CIE  chromaticity 
diagram.  Plotting  the  wavelengths  of  the 
three  primary  colours  and  connecting  these 
corresponding  points,  one  can  get  a  tri¬ 
angle.  The  colours  shown  inside  this 
triangle  can  be  reproduced  by  the  three 


i)  I, 


Fig.1  Energy  levels  of  Cd  ion  and  visi¬ 
ble  laser  transitions  (wavelength  in  nm ). 
(I)endoergic  charge  transfer,  (b)thermal 
charge  transfer. 
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Table  I  Possible  applications  of 
white-light  lasers 

(  1  )Colour  display  :  colour  holography 

large  scale  laser  TV 

(2) Medical  field  :  diagnostics 

surgery 

healing  of  wound  skin 
cancer  treatment 

(3) Full  colour  image  printer 

(4) Three  dimensional  measurements 

( 5 )  Multi -photon  process ( Isotope  separation) 


colours.  Therefore  it  is  clear  from 
produced  by  the  He-Cd  white-light  laser. 
This  is  the  main  reason  why  we  are  keen  to 
use  this  laser  to  the  colour  holography, 
colour  printer,  color  TV  etc.. 


jlications  of  white-light  lasers 


A  possibility  of  applications  of 
light  lasers  is  summarized  in  Table 
these  applications,  a  prototype  full 


image  prin  t  e  r 
specification* ' ^  ^ 


was  realized, 
is  as  f ol lows  ; 


white  - 
I.  Of 
colour 
Its 


Resolusion  :  32  dots/mm  (holizontal) 
:  32  lines/mm( vertical  ) 

spot  size  :  50  pm 

output  size  ;  250x250  mm'^ 
process  time:  2  minutes 


Fig. 2  CIE  chromatici- 
ty  diagram  showing 
reproducing  character¬ 
istics  of  He-Cd'*'  laser 
(solid  line)  and  Ar’*'- 
K  r  ■*■  laser  (broken 
line )  . 


The  system  structure  of  the  printer  is 
shown  in  Fig. 3.  This  system  consists  of 
three  units,  (1)data  input  unit,  (2)data 
processing  unit,  (3)printing  unit. 

In  the  data  input  unit,  a  colour  scanner 
for  treatment  of  a  colour  image  input,  a 
magnetic  tape  drive  for  "Landsat”  data 
input  and  a  floppy  disc  drive  for 
character  data  input  are  assembled. 

The  data  processing  unit  includes  three 
units  for  handling  red,  green,  and  blue 
colour  data.  The  processed  data  are  first 
stored  in  the  hard  disc  drive  (H.D.D)  and 
are  then  sent  to  the  printing  unit 
synchronously  by  means  of  clock  pulses 
generated  in  the  printing  unit.  Each  data 
signal  drives  its  respective  acoust -optical 
modulator  (AOM). 

In  the  printing  unit,  the  white-light 
laser  beam  is  splitted  into  three  beams  by 
dichroic  mirrors.  Then,  each  beam  is 
individually  modulated  by  data  signals  from 
the  data  processing  unit.  The 
individually  modulated  beams  are  combined 
again  by  dichroic  mirrors , f ina 1 ly  resulting 


(l);0ata  input  unit)  \ 

I 


Fig. 3  Schematic  dia¬ 
gram  of  full  colour 
printer  He-Cd'*'  white 
light  laser. 
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in  a  coloured  beam.  This  coloured  beam 
scans  horizontally  on  the  colour  sensitive 
material  that  is  mechanically  shifted  in 
vertical  direction.  Thus,  a  full  colour 
picture  is  produced.  It  takes  2  minutes 
for  a  production  of  A4  size  print. 


Historical  review  of  white-light  laser 

1 .  Comparison  of  pumping  plasma 

When  the  He-Ne  laser  was  invented  by 
Javan  and  his  colleagues'^^'  in  1960,  an 
electrodeless  rf  discharge  plasma  was  em¬ 
ployed  as  the  pumping  source  as  shown  in 
Fig. 4(a).  In  this  case  the  structure  of 
the  laser  tube  is  simple,  a  pure  positive 
column  is  obtained  and  problems  caused  by 
electrodes,  in  particular  by  the  cathode, 
do  not  occur  although  some  difficulties 
exist  in  getting  impedance  matching  between 
power  supply  and  laser  tube. 

On  the  other  harjd.  Fig. 4(b)  shows  the 
Asami's  experiment''^'  which  is  interesting 
and  important  in  comparison  with  Fig. 4(a). 
In  this  case,  a  Ne  lamp  was  excited  by  a  rf 
power  supply  through  the  inner  electrodes. 
When  the  Ne  lamp  was  excited  by  a  low 
frequency  AC  power,  the  colour  of  the  Ne 
lamp  was  usually  red.  Major  components 
of  the  emission  spectra  were  from  Ne  gas. 
However,  when  the  Ne  lamp  was  excited  by  a 
rf  power,  the  colour  of  the  Ne  lamp  changed 
to  bluelsh.  Major  emission  spectra  were 
from  Ar  gas  which  was  mixed  into  the  Ne  in 
the  ratio  of  about  0.1  %. 

From  these  experimental  results,  Asami 
had  suggested  that  one  can  control  the 
distribution  of  the  emission  spectra  by 
changing  the  frequency  of  the  applied 
electric  field.  He  interpreted  this 

phenomenon  was  due  to  the  change  of 
electron  energies  in  the  rf  discharge 
plasma,  resulting  in  an  influence  to  the 
dominant  excitation  cross-sections. 

Another  remarkable  point  is  that  there 
exists  only  the  negative  glow  in  the  Ne 
lamp.  Therefore,  the  spectra  Asami 
observed  were  emitted  from  the  negative 
glow  only. 

Futher  interesting  and  important  point 
is  the  fact  that  a  helix  was  already  used 
as  one  of  the  pair  of  the  electrodes.  The 
helix  has  been  revibed  as  a  long  helix- 
cathode  for  a  white-light  laser  very 
recently  as  described  in  the  later  section. 

When  Asami  knew  the  invention  of  rf 
(positive  column)  pumped  He-Ne  laser,  his 
former  experiences  on  rf  excited  negative 
glow  pushed  him  to  attack  developing  a  new 
laser  by  using  the  negative  glow  as  a  pump¬ 
ing  source  since  the  negative  glow  has 
different  properties  in  electron  tempera¬ 
ture  as  well  as  in  electron  density  from 
those  in  the  positive  column.  Since 

then,  our  aim  has  been  in  realizing  a  nega¬ 
tive  glow  type  laser. 

2.  Principle  of  negative  glow  type  laser 

The  principle  of  the  negative  glow  (NG) 

type  laser  is  shown  in  Fig. 5.  Shortening 
the  electrodes-spacing  by  moving  the  anode 


toward  the  cathode  at  Fig. 5(a),  the  length 
of  the  positive  column  (PC)  decreases, 
vanishing  when  t!.c  anode  is  placed  in  the 
Faradey  dark  space  (FDS).  More  sriorter 
elect  rode - spac  i  ny ,  Faradey  dark  space  is 
also  vanishes  and  only  the  negative  glow 
(NG)  as  well  as  the  cathode  dark  space 
(CDS)  remain.  Using  a  pair  of  long  plane 
in  a  short  distance  like  Fig. 5(b),  a  long 
optical  path  of  a  uniform  NG  is  obtained  in 
perpendicular  to  the  electric  field.  Using 
a  pair  of  plate  or  a  pipe  cathode  like 
Fig. 5(c),  these  are  so  called  hollow-cath¬ 
ode,  a  superimposed  negative  glow  is  formed 
and  thereby  an  enhanced  emission  spectra 
being  observed. 

3.  Negative  glow  type  lasers 

In  1964,  a  negative  glow  type  He-Ne 
laser  was  developed  by  S.Kobayashi,  who  was 
one  of  the  colleagues  of  Asami,  and  his 
group'’”'  as  well  as  by  J. Smith''''  inde¬ 
pendently.  Kobayashi  used  a  slotted  pipe- 
cathode,  while  Smith  used  a  parallel -plate 
hollow-cathode,  the  laser  characteristics. 


Fig. 4  Comparison 
source;  (a)rf -pumped 
the  positive  colum) 


of  laser  pumping 
He-Ne  laser(use  of 
(b)rf-pumped  Neon 


lamp(use  of  the  negative  glow). 


AG 

PC 


FDS 

NG 

CDS 


W 


=!> 


Fig. 5  Discharge  structure  and  light 
emission;  (a)typical  glow  discharge,  AG: 
anode  glow,  PC:positive  column, 
FDS:Faradey  dark  space,  NG:negative  glow, 
CDS:cathode  dark  space,  (b)prototype 
nega t i ve -g low  laser,  (c)principle  of 
hollow-cathode  laser. 
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however,  being  similar  between  both. 

Thus,  Asami's  idea  to  use  the  negative 
glow  for  a  laser  became  in  practice.  At 
the  same  time,  however,  some  disadvantages 
in  using  the  cathode  region  occured.  For 
instance,  mixing  of  the  cathode  vapour  by 
sputtering  action,  clean-up  of  the  buffer 
gas  by  getter  action,  absorbtion  of  the 
buffer  gas  by  cathode,  as  well. 

4.  Metal  vapour  white-light  laser 

As  far  as  we  use  the  cathode  region, 
nobody  can  escape  from  the  phenomena 
mentioned  avobe.  So,  we  turned  our 
philosophy  to  use  these  phenomena  in 
active.  Against  our  expectation,  however, 
not  enough  vapor  for  laser  oscillation  was 
obtained  even  using  Cu,  blass,  Al  cathode 
as  well.  So,  we  moved  to  the  use  of  Cd 
which  gave  a  la ser  gsc i 1  la t ion  in  a  posi¬ 
tive  column  plasma.” 

In  1970,  many  laser  oscillations  includ¬ 
ing  visible  lines  were  obtained  by  Y.Asami, 
S.Sugawara  and  theircolleagues''^'  in 
Japan,  by  W .K.Schuebel '  ^ ®  *  in  the  U.S.A  and 
by  F.M.Sem  and  his  colleagues'^' '  in  the 
USSR  almost  same  time  but  independently  by 
using  different  hoi  low -cathode  structure. 
In  1973,  cw  white-light  laser  oscillation 
was  realized  by  K.Fujii  and  his  col¬ 
leagues  '  ^  y  in  Japan  and  S.C.Wang  and  his 
colleagues''^’  in  the  U.S.A..  In  Fig. 6, 
three  types  of  white-light  laser  are  shown. 


New  aspects  and  developments 
1 .  Direct  modulation 

As  already  shown  in  Fig. 3,  in  the  full 
colour  laser  printer,  the  white-light  laser 
beam  is  splited  into  three  colour  beams, 
then  they  are  modulated  individually  in 
accordance  with  the  input  signals. 
Instead  of  this  system,  if  we  can  get  a 
colour  beam  directly  from  the  He-Cd'^'  white 
light  laser  in  time  dividing  method,  the 
number  of  modulator  and  controller  and  the 
size  of  machine  would  be  reduced  to  1/3. 

For  this  direct  modulation,  we  are 
trying  to  use  three  means  for  controlling 
the  electron  energy  of  the  discharge  plasma 
zone,  and  thereby  to  change  the  excitation 
rate  among  the  three  colour  laser  lines 
since  they  have  different  excitation  mecha¬ 
nism  as  mentioned  formerly  in  Fig.1. 

Helix-cathode:  The  structure  of  the 
he  1 i X -ca t hode  type  laser  is  shown  in 
Fig. 6(c).  Using  a  hel ix -cathode ,  (1)cath- 
ode  fall  potential  is  controlled  by  chang¬ 
ing  the  coil  pitch,  (2)it  is  convenient  to 
supply  the  Cd  vapour  into  the  hoi  low -cathde 
region  through  the  helix  by  controlled 
diffusion  from  the  outer  anode  pipe  where 
the  evaporating  Cd  lining  is  fixed. 

The  he  1 i x -ca t hode  was  first  used  for 
laser  psci nation  by  Groseva  and  Saboti- 
nov'^'^'  instead  of  hybrid-hole  hollow- 
cathode  as  shown  in  Fig. 6(b).  To  control 
the  coil  pitch  from  outside  the  discharge 
tube  and  to  increase  its  frequency  is  the 
problem  to  be  solved  for  direct  modulation. 


Fig. 6  Tube  construction  of  white-light 
lasers,  (a)flute  type,  (b)hybrid  hole 
type,  ( c ) h e 1 i x - ca t hode type  (p:helix- 
pitch ) . 


Fig. 7  Model  of  a  grid-control  discharge 
(a)relation  among  currents,  (b)spacial 
distribution  of  electric  field  (E)c)  and 
potential  ( V ) . 
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Grid  controll:  Another  method  to  control 
the  electron  energy  (E/p  value)  is  shown  in 
Fig. 7,  i.e.,  a  grid  electrode  is  inserted 
in  the  cathode  dar)<:  space.  Using  this 
method  we  have  constructed  a  cylindrical 
triode  system  and  by  changing  the  grid 
potential  the  output  level  of  the  green 
laser  was  changed. '  '  Similar  experi¬ 
ments  on  red  and  blue  laser  lines  are  under 
testing. 

Endoergic  charge  transfer'  ' :  As  shown 
in  Fig.1  ,  the  red  laser  line  is  excited  via 
thermal  charge  transfer  li)^e  fellows; 

He  +  Cd - He  +  (Cd'^)*(6g  "G) 

If  we  use  the  kinetic  energy  of  fast  He 
ions  with  its  potential  energy,  it  becomes 
possible  to  excite  some  levels  lying  higher 
than  that  of  He'^  ground  state,  i.e., 

He'^  +  KE  +  Cd - 

He  +  (Cd'^)  (11f---nf  ^F) 


The  population  density  of  the  upper 
level  of  red  laser  transition  would  be 
enhanced  via  cascading  decay  from  these 
high  lying  levels.  Standing  on  this 
scheme,  one  could  modulate  the  laser  output 
at  the  red  laser  line  by  controlling  the 
speed  of  ions.*'^^' 


2.  New  candidate  of  high  power  white-light 
laser 

Cu(I)  510.6  nm  (green),  Au(I)  627.8 
nm(red),  and  SrII  430.5  nm  (blue)  are  a  new 


candidate  of  high  power  white-light  laser. 
The  wavelengths  of  these  lasers  are  plotted 
as  almost  same  point  as  that  of  He-Cd* 
white-light  laser  on  the  CIE  chromaticity 
diagram  shown  in  Fig. 2. 

Their  output  power  level,  however,  is 
higher  than  that  of  He -Cd*  white -light 
laser  by  a  factor  of  10^,  i.e.,  several 


watts  although  they  operates  not  on  DC  but 
on  pulse  at  high  repetition  frequency. 

The  partial  energy  diagram  and  laser 
transitions  of  Cu(I)  and  Au(I)  are  shown  in 


Fig. 8.  In  these  lasers,  the  lower  laser 
level  is  in  metastable  state,  therefore 


they  being  operating  essentially  in  pulsa- 
tive.  The  width  of  the  laser  output  is 


several  nano-seconds.  The  relaxatio.i  of 


the  metastable  state  is  promoted  by  colli¬ 
sions  not  only  with  the  tube  wall  and/or 
other  gas  molecules  but  also  with  slow 
electrons  like  follows; 


Cu'"  ■ 

cu 

Au""  , 

( slow ) 

Au 

where  m  means  the  metastable  state. 

This  collision  is  called  the  super 
elestic  collision'^”'  which  was  formerly 
sorted  as  one  of  the  aecond  kind  of  colli¬ 
sions  in  the  discharge  physics.  An  idea 
adding  third  gas  like  Cs  or  Ti'^''  for  the 
promotion  of  relaxation  of  the  metastable 
state  by  another  second  kind  of  collisions 
are  also  suggested  in  Fig. 8. 

Figure  9  shows  the  energy  level  diagram 


(mV  I 


Fig. 8  Partial  energy  levels  and  laser 
transitions  of  Cu  and  Au  atoms. 


Fig. 9  Energy  level  diagram  amd  laser 
transitions  of  Sr  ion  (wavelength  in  nm). 
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and  laser  transitions  of  Sr(II).  At  this 
laser,  the  upper  laser  level  is  populated 
by  cascading  decay  after  recombi na  t  ion 
mainly  vi^  non-radiative  super-elestic  col¬ 
lision.  The  relaxation  of  the  lower 

laser  level  is  promoted  by  both  radiative 
and  nt^^^  r  ad  i  a  t  i  ve  s  u  per -ela  s  t  i  c  colli- 

As  far  as  we  have  confirmed  fundamental 
properties  of  Sr'*'  recombination  laser  as  a 
potential  high-power  blue-violet  laser, 
the  role  of  super-elastic  collision  is 
considered  to  be  important  on  relaxation  of 
the  lower  laser  level. 

For  the  aim  getting  s u pe r - e 1 a s t i c 
collisions,  electrons  in  low  energy  are 
necessary,  but  high  speed  electrons  being 
also  necessary  for  getting  Sr'^'*^  ions  by 
ionizing  collisions.  A  novel  idea  and 
skillful  technologies  are  necessary  for 
providing  both  high  and  low  energy 
electrons,  and  for  an  accurate  measurements 
of  plasma  quantities  like  electron 
temperature,  electron  density,  population 
density  of  relevant  levels,  distribution  of 
emission  spectra  and  so  on  at  high  repeti¬ 
tion  frequency  pulse  discharge. 


Summary 

The  original  idea  to  use  the  negative 
glow  for  laser  pumping  was  reviewed.  Some 
successes  in  developping  a  He-Cd"^  white- 
light  laser  and  its  application  to  a  full 
colour  printer  were  introduced.  Recent 
developments  and  new  aspects  on  the  white- 
light  laser  were  discussed.  The  extract 
of  this  paper  is  summarized  as  follows. 
Investegated 

(1)  Hoi  low -cathode  type  He-Cd'*'  white- 

light  laser  was  developed. 

(2)  Prototype  full  colour  printer  was 

developed . 

Expected 

(1)  Some  ideas  for  getting  a  direct 
modulation  of  He-Cd*  white-light 
laser  were  proposed. 

(2)  A  new  candidate  of  high  power 
white  light  laser  consisting  of 

Au ( I )  627.8  nm  (Red) 

Cud)  510.6  nm  (Green) 

Sr(II)  430.5  nm  (Blue) 

was  suggested. 
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ENGINEERING  OF  A  MULTI-BEAM  300-WATT  FLASHLAMP-PUMPED  DYE-LASER  SYSTEM 


Patrick  N.  Everett,  Staff  &  Byron  G.  Zollars.  Staff 


M.I.T.  Lincoln  Laboratory 

P.O.  Box  73,  Lexington,  Massachusetts  02173-0073 

This  dye-laser  system  will  be  used  to  conduct  experiments  at  a  field  location.  The  engineering  challenges  will  be 
discussed,  as  well  as  a  1 /3-scale  system  which  has  been  built  to  test  the  approach  and  help  refine  the  design.  Progress  of  the 
full  system  will  be  described.  Operating  performance  of  the  1/3-Sv.ale  system  will  be  described  in  a  separate  paper. 

The  requirements  include  five  separate  output  beams,  with  5  to  10  J/pulse  In  each  beam  at  10  pps.  The  individual  pulses 
must  be  less  than  2-ns  FWHM,  with  a  spectral  bandwidth  less  than  1  nm,  at  about  500-nm  wavelength.  Most  of  the  energy 
must  be  within  20  times  the  diffraction  limit.  The  goal  is  to  have  a  significantly  better  beam  quality.  The  system  must 
perform  for  at  least  10  mtnutes  at  full  performance  under  mission  conditions.  This  implies  that  the  system  must  be  able  to 
run  at  equivalent  of  full  power,  without  maintenance,  for  30  minutes,  allowing  20  minutes  for  final  alignment  and 
adjustment.  A  sixth  beam  is  being  added  to  increase  reliability  through  redundancy. 

The  flashlamp-pumped  dye-laser  approach  was  selected  in  1984,  when  the  program  was  started,  based  upon  equipment 
availability.  Candela  Corporation  won  a  competitive  procurement  for  a  prototype  single-beam  module,  and  delivered  the 
equipment  In  October  1985.  This  equipment  Is  shown  In  Figure  1.  It  Is  a  modified  version  of  their  commercial  LFDL-20 
laser.  Two  heads  were  supplied  to  form  an  oscillator-amplifier  chain.  Each  head  is  2  feet  long,  with  a  pair  of  linear  water- 
cooled  flashlamps.  The  dye  flow  is  longitudinal  in  a  cylindrical  dye  cell  between  the  lamps.  Camarln  504  dye  is  used, 
dissolved  in  50/50  methanol/water  mix.  Modulators  contain  capacitors  which  are  charged  to  40  kV  from  the  power 
supplies.  The  500-J  charge  is  switched  Into  each  flashlamp  by  triggered  spark  gaps.  Circulator  modules  supply  the  dye  and 
coolant  flows,  and  Include  cartridges  of  activated  carbon  to  clean  out  degraded  dye  and  allow  the  solvent  to  be  used  again. 

When  the  prototype  equipment  was  tested  at  Lincoln  Laboratory,  it  performed  well  enough  to  be  considered  as  the  basis 
for  design  of  the  system,  but  some  deficiencies  were  noted.  These  Included  insufficient  flow  rate  and  thermal  control,  a 
tendency  to  arc  over,  and  insufficient  rigidity  in  mounting  of  the  dye-cell  windows.  Candela  Corporation  has  now  delivered 
a  second  generation  of  equipment  in  which  these  problems  have  been  addressed.  This  equipment  is  now  in  operation,  and  is 
performing  satisfactorily.  Some  minor  improvements  are  still  being  made  and  tested.  The  final  hardware  is  now  on  order 
with  expected  delivery  commencing  before  the  end  of  1987.  Meanwhile  the  design  of  the  1  /3-scale,  and  full-scale  systems 
have  been  proceeding  with  the  help  of  the  following  corporations. 


A&  R  Associates 

A.L.E.  Systems,  Incorporated 

Candela  Corporation 

Fels  Company 

Neurocon 

Newport  Corporation 

SAIC,  Incorporated 

Sanders  Associates.  Incorporated 

Stone  &  Webster  Engineering  Corporation 


Coordination 
Additional  Power  Supplies 
Lasers  &  Consulting 
Flow  System  Fabrication 
(EMI  Consulting) 

(Vertical  Optical  Table) 

(Chemical  Engineering,  1/3  Scale) 
(EMI  Testing) 

(Fluid  Handling  Design) 


A  number  of  engineering  challenges  were  recognized  early  in  the  program.  The  potential  problem  of  flashlamp  life  was 
disposed  of  early,  by  testing  at  Candela  that  showed  the  lamps  would  last  much  longer  than  30  minutes  at  10  pps  with 
Insignificant  loss  In  output.  Beam  quality  has  been  found  marginally  good  enough,  with  improvements  expected.  Optics 
have  been  damaged  by  the  high  lasing  flux,  attributed  mostly  to  parasltlcs.  and  sometime  to  poor  quality  coatings  or  dust. 
The  indications  from  this  program  and  from  elsewhere  are  that  the  optics  should  be  able  to  withstand  10  J/cm2  with  the 
right  care  (2-pm  pulse).  The  level  of  oxygen  absorbed  In  the  dye  solution  Is  known  to  be  a  factor  in  the  performance  of  some 
laser  dyes.  More  oxygen  generally  decreases  dye  life,  but  often  increases  output  for  the  pulse  lengths  by  acting  as  a  triplet 
quencher.  In  this  type  of  system  the  dye  is  usually  equilibrated  with  air.  thus  determining  the  oxygen  content.  Eidstlng  data 
Is  insufficient  to  estimate  the  effect  of  equilibrating  at  the  higher  elevation  where  the  experiment  will  be  conducted.  This 
uncertainty  will  be  dealt  with  by  providing  a  pressurlzable  closed  system  to  eillow  optimization  of  oxygen  content.  Other 
engineering  challenges  will  be  dealt  with  in  successive  paragraphs. 

Output  of  such  a  dye  laser  drops  as  a  result  of  degradation  of  the  dye  solution  under  the  Intense  illumination  from  the 
flashlamps.  The  major  problem  arises  from  the  degradation  products  which  absorb  light  at  the  absorbing  wavelength.  With 
the  currently  used  dye  solution  (solvent  is  acetamide /water  30%  by  weight),  we  observe  a  10%  drop  in  output  when  the  dye 
solution  has  been  exposed  to  about  1.5  kj  of  pump  energy  per  liter  of  total  dye  solution.  At  this  rate  an  impracUcally  large 
reservoir  of  30.000  gallons  of  dye  solution  would  be  needed  to  run  for  30  minutes  with  no  more  than  10%  drop  in  output  from 
dye  degradation,  if  no  real-time  dye-solution  regeneration  were  employed.  For  a  practical  system,  real-time  regeneration  at 
up  to  the  full  flow  rate  of  360  gpm  will  be  needed.  This  will  be  accomplished  by  diverting  as  much  of  the  dye  flow  from  the 
lasers  as  is  necessary  through  a  bank  of  activated  carbon  cartridges,  as  indicated  in  the  flow  schematic  of  Figure  2.  The 
condition  of  the  dye  solution  will  be  continually  monitored  by  a  pair  of  in-line  optical  analyzers  in  a  diagnostic  loop.  One  of 
these  will  have  an  optical  path  of  1  m,  and  will  measure  the  optical  transmission  at  520  nm.  This  is  sufficiently  beyond  the 
lasing  wavelength  to  be  just  clear  of  the  pump  absorption  band.  However  it  is  also  sufficiently  close  to  the  lasing  wavelength 
to  catch  the  broad-level  absorptions  which  will  affect  the  lasing.  It  is  found  with  this  instrument  that  a  4%  loss  of 
transmission  correlates  with  10%  drop  in  lasing  output.  This  transmission  measurement  will  be  the  input  to  the  control 
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system  which  will  regulate  the  speed  of  the  pump  that  drives  dye  solution  through  the  activated  carbon.  The  system  will 
strive  to  maintain  the  520-nm  transmission  at  a  level  insuring  no  greater  than  10%  loss  in  lasing  output  on  this  account, 
since  the  carbon  removes  dye  as  well  as  degradation  products,  another  system  is  needed  to  replenish  the  dye.  This  will  be 
achieved  by  using  the  second  optical  analyzer,  with  a  1-mm  optical  path  and  measuring  at  450-nm  wavelength,  to  measure 
the  dye  concentration.  This  will  control  the  speed  of  a  metering  pump  that  adds  dye  concentrate  to  the  system.  This  control 
system  will  give  automated  maintenance  of  the  dye  solution  under  conditions  of  full-power  output,  idling  at  no  output,  or 
running  with  varying  numbers  of  lasers.  Hence  it  will  be  a  very  flexible  system. 

Temperature  and  flow  control  must  be  sufficiently  precise  whether  the  system  is  Idling  in  standby  mode,  operating 
intermittently  with  a  reduced  number  of  heads,  or  operating  with  all  heads  at  full  power.  Since  temperature  variations  of 
even  less  than  0. 1°C  are  believed  to  have  bad  effects  on  the  beam  quality  (as  a  result  of  refractive-index  variation  within  the 
dye  cell),  the  system  will  be  run  with  all  fluids  maintained  close  to  the  ambient  room  temperature,  and  to  each  other  to 
minimize  temperature  gradients.  The  power  dissipation  into  the  fluids  will  vary  between  250  kW  when  running  at  full 
power  and  maybe  a  few  kW  when  idling.  The  schematic  of  Figure  3  serves  for  the  dye  and  the  coolant  systems.  In  each  case  a 
feedback  system  controls  the  flow  of  chilled  water  through  a  heat  exchanger  to  restore  the  liquid  leaving  the  laser  heads  to 
the  controlled  temperature.  The  chilled  water  comes  from  a  10.000  gallon  tank  of  water  which  will  absorb  the  transient 
loads  of  the  system  and  itself  be  cooled  at  a  slower  rate  by  transferring  the  heat  to  external  air  by  a  lower  powered  chlUlng 
system.  Flow  rate  in  each  laser  head  will  be  maintained  at  the  design  value  of  30  gpm  for  dye  solution  and  20  gpm  for 
coolant.  Independently  of  how  many  lasers  are  flowing,  by  use  of  tnlet  and  outlet  manifolds  maintained  at  a  constant 
pressure  differential.  The  speed  of  the  pump  wUl  be  automatically  varied  under  the  control  of  a  feedback  system  to  maintain 
the  optimum  pressure  differential.  Electromagnetic  Interference  (EMI)  is  of  concern.  The  curve  of  Figure  4  was  obtained  by 
Sanders  Associates  when  measuring  the  broad-band  radiation  from  the  Candela  prototype  system  operating  at  reduced 
voltage  and  pulse  rate.  Also  shown  is  the  target  curve  which  is  desired  to  ensure  compatibility  with  other  equipment  at  the 
experimental  field  site.  The  situation  is  worst  at  30  MHz.  where  the  radiation  was  100  db  above  target.  Because  of  these 
results  we  are  being  very  careful  about  EMI  precautions  in  the  design,  and  will  wrap  a  screen  room  around  the  laser 
equipment. 

Flammability  of  the  dye  solvent  is  of  concern.  The  laser  performance  was  initially  demonstrated  with  a  50/50 
water /methanol  mix  as  the  solvent  for  the  coumarln  504  dye.  More  water  helps  beam  quality,  and  reduces  flammability  but 
at  the  expense  of  output  energy.  There  were  serious  concerns  about  flammability  of  even  the  50/50  mix  (roughly  the  same  as 
100  proof  Scotch).  So  we  have  tried  to  find  a  safer  solvent.  We  found  50/50  ethylene  glycol/water  would  give  the  same  beam 
quality,  but  with  only  50%  of  the  output  energy.  However  recent  tests  with  30%  by  weight  of  acetamide  in  water,  as  a  solvent, 
have  yielded  the  same  performance  as  the  methanol/water  mix  but  at  some  loss  in  dye  life.  The  lower  dye  life  can  be  handled 
by  the  cleaning  system,  so  is  acceptable.  Because  we  have  to  provide  for  the  possibility  of  a  flammable  solvent,  the  dye 
handling  room  has  been  designed  as  a  Class  1.  Division  2.  Cutoff  room,  with  blow-out  panels. 

Space  is  very  limited  at  the  field  site  where  the  equipment  will  be  installed.  The  space  problem,  as  well  as  need  for  short 
cables  between  Modulators  and  Laser  Heads,  and  need  for  144  individual  fluid  tubes.  24  high-voltage  cables,  and  diagnostic 
cables,  to  enter  the  laser  heads,  has  led  to  a  vertical  optical  table.  The  Laser  Heads  will  be  mounted  on  the  front  surface,  with 
the  optics.  The  electrical  and  piping  services  and  diagnostic  cabling,  will  pass  through  from  the  back  of  the  bench. 
Additional  space  will  be  saved  by  using  a  newer  design  of  power  supply  from  A.L.E.  Systems  Corporation.  In  general  the 
design  has  had  to  be  tight. 

Because  of  the  innovative  features,  and  dlfllculty  of  doing  development  work  on  site,  we  embarked  on  a  1 /3-scale  system 
at  Lincoln  Laboratory.  The  purposes  are  to  make  sure  the  approach  is  sound,  characterize  the  laser  heads  at  full  repetition 
rate,  do  development  as  necessary,  and  generate  design  information  for  the  full  system.  The  1 /3-scale  system  is  now  in 
operation  and  is  proving  very  useful  in  the  above  tasks.  It  is  also  providing  a  test  bed  for  developing  the  diagnostic  and 
aligning  techniques.  It  is  providing  valuable  data  to  help  fine-tune  the  design  of  the  full  system. 

A  photograph  of  the  1/3-scaIe  system  is  shown  in  Figure  5.  It  uses  a  vertical  table  supplied  by  the  Newport  Corporation. 
The  laser  heads  are  kinematically  mounted  on  platforms  and  go  through  a  standardized  alignment  procedure  so  that 
minimal  reallgiunent  is  necessary  when  they  are  replaced.  They  are  mounted  within  EMI  enclosures  (shown  with  covers 
removed).  The  services  penetrate  the  vertical  table  through  wave-guide  tubes  which  cut  off  escape  of  frequencies  below  2  GHz. 
The  lasing  light  is  likewise  carried  out  through  wave-guides  to  minimize  EMI.  The  optical  layout  of  the  system  will  be 
described  in  more  detail  when  discussing  the  full  system. 

The  dye-handling  skid  for  the  1 /3-scale  system  was  designed  and  fabricated  by  SAIC  Incorporated,  and  two  views  of  it  are 
shown  in  Figure  6.  It  is  about  6  feet  tall,  and  contains  the  reservoir,  variable  speed  pump,  heat  exchanger,  carbon  cleaning 
S3rstem,  and  control  equipment.  It  Is  situated  in  a  Class  1.  Division  2.  Cut-off  Room  so  that  flammable  solvents  can  be  used. 
TTie  in-line  optical  analyzers,  from  Anacon  Corporation  arc  mounted  on  the  wall  above  the  dye  skid,  and  are  shown  in 
Figure  7.  We  believe  that  inclusion  of  such  Instruments  to  give  real-time  monitoring  and  control  is  a  new  development. 
They  are  extremely  useful  in  diagnosing  problems  as  well  as  in  controlling  the  cleanup  and  dye  addition.  The  1-m  path 
analyzer  shows  virtually  100%  transmission  when  the  dye  solution  is  optimally  clean,  and  about  96%  transmission  when 
the  degradation  is  such  that  the  laser  output  has  dropped  by  10%.  If  this  analyzer  were  to  have  a  shorter  path  its 
measurements  would  not  be  sufficiently  precise. 

The  coolant  skid  is  shown  in  Figure  8.  It  is  similar  to  the  dye-skid  except  for  the  cleanup  components.  It  also  was 
designed  and  supplied  by  SAIC.  Incorporated.  The  photograph  of  Figure  9  shows  the  services  behind  the  vertical  optical 
table  of  the  1 /3-scale  system.  These  services  include  the  piping,  manifolds,  modulators,  thermal  equalizers,  and 
instrumentation  including  a  flow  meter  for  each  fluid  through  each  laser  head.  The  thermal  equalizers  are  heat  exchangers, 
one  for  each  head,  through  which  the  dye  and  coolant  going  into  a  head  are  brought  to  the  same  temperature.  This  is 
additional  to  the  previously  mentioned  active  temperature  control.  The  piping  to  the  individual  laser  heads  is  of  polypro- 
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pylene  plastic  to  allow  flexibility  and  minimize  vibrations  reaching  the  optical  table.  The  wave-guide  tubes  can  be  seen  for 
taking  the  services  through  the  bench  to  the  laser  heads.  Unions  in  the  piping  allow  disconnection  of  the  tubing  so  that  any 
laser  head  can  be  withdrawn  for  servicing.  Individual  valves  in  all  the  lines  make  this  practical. 

The  site  where  the  equipment  will  be  used  is  subject  to  some  vibration.  Measurements  of  vibration  at  the  site,  and 
computer  modeling.  Indicated  that  a  steel  and  concrete  monolith  structure,  built  along  the  lines  of  those  used  by  Lawrence 
Livermore  National  Laboratory  for  the  AVLIS  program  would  be  suitable.  The  photographs  of  Figure  10  show  the  bench 
under  construction  at  the  site,  on  a  3-foot  thick  concrete  slab.  Modeling  indicates  that  all  parts  of  the  table  surface  will  have 
a  directional  stability  within  ±15-(i  radians,  which  is  within  a  diffraction  angle  of  the  1-cm  beam  diameter  that  will  be  used 
on  the  vertical  table.  The  skin  is  of  1/4"  steel  plate,  which  acts  as  a  former  for  the  18"  thick  filling  of  concrete.  The  first 
photograph  shows  anchors  being  stud-welded  at  1-foot  centers  on  the  back  of  the  skin  to  ensure  bonding  to  the  concrete.  The 
second  shows  the  plates  going  into  position,  where  they  are  welded  edge  to  edge,  and  held  apart  by  spacer  bolts  on  2-foot 
centers.  The  third  photograph  is  looking  down  into  the  top  of  the  bench,  nearly  ready  for  the  concrete  pour.  The  network  of 
anchors,  spacing  bolts,  and  wave-guide  feed-throughs,  which  will  be  Immersed  in  the  concrete,  can  be  seen  within  the  bench. 
The  fourth  photograph  shows  the  back  of  the  bench,  and  some  of  the  wave-guide  tubes  can  be  seen.  This  construction  is 
sometimes  referred  to  as  Maginot  Line  architecture! 

The  proposed  layout  for  the  full-size  optical  table  is  shown  in  Figure  11.  It  closely  follows  the  arrangement  that  has  been 
developed  for  the  1  /3-scale  system.  The  six  laser  beam  paths  can  be  seen,  which  are  independently  transmitted  off  the  table 
by  the  beam-steering  mirrors  at  the  top  right-hand  comer.  Each  beam  comes  from  a  laser  made  up  of  two  laser  heads  within 
a  confocal  unstable  resonator  with  a  magnification  of  approximately  3.  This  "double-dip"  approach  overcomes  some  of  the 
parasitic  problems  experienced  with  the  original  oscUIator-ampUfier  approach.  For  alignment,  a  single  over-sized  argon- 
ion  laser  beam  passes  through  a  series  of  beamsplitters  which  divert  about  5%  of  the  beam  into  each  of  the  resonators, 
through  its  annular  output  coupler.  In  each  case,  if  alignment  Is  correct,  the  "tag"  beam  condenses  to  the  diffractive  core  as  it 
bounces  back  and  forth  within  the  resonator.  It  then  expands  again  on  successive  passes  until  it  emerges  as  a  collimated 
beam  which  duplicates  the  lasing  output  when  the  laser  heads  are  excited.  Consequently,  as  well  as  providing  the  alignment 
aid  for  the  resonators,  these  "tag"  beams  then  propagate  along  the  output  paths  of  the  laser  beams,  and  allow  successive 
optical  components  to  be  correctly  aligned  all  the  way  to  and  through  the  experiment.  This  one  "tag"  laser  source  thus 
provides  for  the  alignment  of  all  six  resonators  as  well  as  their  output  paths.  The  chain  of  beamsplitters  which  directs  the 
"tag"  beams  into  the  resonators  also  diverts  a  portion  from  each  of  the  laser  outputs,  when  they  are  fired,  into  the  diagnostic 
system  at  the  top  middle  of  the  vertical  table.  These  diagnostics  include  pulse  energy,  shape  and  timing,  spectrum  and 
calibrated  far-field  distribution.  The  lasers  are  spectrally  tuned  using  biretongent  filters.  These  filters  are  placed  slightly 
off  the  optimal  angle  so  that  enough  lasing  energy  is  reflected  Into  a  TV  camera  to  monitor  the  internal  lasing  energy 
distribution.  In  addition,  fiber-optic  plckoffs  transmit  light  from  each  of  the  24  flashlamps.  and  are  multiplexed  into  a 
centralized  lamp  monitoring  system  for  diagnosis  of  lamp  health  and  aging.  Current  transformers  are  also  included 
adjacent  to  the  lamps  for  monitoring  the  individual  discharge  currents.  The  diagnostic  signals,  wherever  possible,  will  be 
carried  away  from  the  vertical  table  area,  and  through  the  screen  room  walls,  via  fiber  optics  passing  through  wave-guide 
feed-throughs.  CAMAC  equipment  is  being  used  extensively.  The  laser  beams  also  will  be  propagated  out  of  the  screen  room 
through  wave-guides,  and  individually  transmitted  to  the  experiment  through  spatial  filters  for  cleaning  up  of  the  beams 
and  to  give  alignment  references  as  illustrated  schematically  in  Figure  12.  The  focal  lengths  are  several  feet,  resulting  in 
large  enough  apertures  that  burning  is  not  expected  to  be  a  problem  if  the  materials  are  chosen  carefully. 

The  screen  room  will  be  wrapped  around  the  optical  table  area,  as  illustrated  in  Figure  13.  Its  floor  will  cover  the  concrete 
slab  which  is  under  the  vertical  optical  table.  It  will  be  carefully  isolated  from  vibrations  originating  elsewhere.  Over  200 
penetrations  are  needed.  Including  48  pipes  to  flow  about  600  gpm  of  fluids  in  and  out. 

The  fluid  handling  equipment  for  the  fixed  system  has  been  designed  by  Stone  &  Webster  Engineering  Corporation,  and  is 
being  fabricated  by  the  Fels  Company.  Photographs  of  the  equipment,  near  completion  are  shown  in  Figure  14,  The  first 
photograph  shows  about  75%  of  the  equipment.  The  other  photographs  show  individual  components.  Note  that  the  dye- 
cleaning  equipment,  although  sizeable,  is  a  relatively  small  part  of  the  overall  system.  It  is  believed  that,  with  the  lessons 
we  are  learning,  a  future  such  system  could  be  made  considerably  smaller.  In  this  system  we  have  had  to  design 
conservatively  because  of  lack  of  a  design  base  of  similar  S3«tems. 

The  piping  within  the  screen  room  is  also  being  fabricated  by  the  Fels  Company.  Because  of  its  complexity  it  is  being 
mocked  up.  at  Fels,  in  a  plywood  model  of  the  screen  room  area.  A  photograph  of  the  mockup  is  shown  in  Figure  15  together 
with  a  photograph  of  the  back  of  the  vertical  table  on  site,  now  with  the  concrete  poured.  The  wooden  structure  in  the  first 
photograph  is  the  model  of  the  back  of  the  vertical  table.  This  area  will  be  very  full  of  equipment  when  all  the  pipes,  thermal 
equalizers,  modulators  and  instrumentation  are  in  place. 

In  summary,  a  1  /3-scaIe  system  allowing  four  heads  to  be  operated  at  full  power,  or  six  heads  at  reduced  power,  is  now  in 
partial  operation.  Its  performance  will  be  reported  in  a  separate  paper.  The  full  system  is  expected  to  be  the  largest 
operationtil  flashlamp-pumped  dye  laser  system  in  the  free  world.  It  should  be  partially  operational  on  site  in  March  1988. 
and  full  operational  later  in  1988.  At  least  300-W  average  power  should  be  obtained,  mostly  within  20k/D  or  better,  in  six 
Independent  beams  each  running  at  10  pps  with  more  than  5  J/pulse  at  about  510-nm  wavelength. 
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PERFORMANCE  OF  A  PROTOTYPE  MODULE  OF  A  300-WATT  FLASHLAMP-PUMPED  DYE  LASER 


Byron  G.  Zollars  .  Staff  &  Patrick  N.  Everett.  Staff 
M.I.T,  Lincoln  Laboratory 

P.O.  Box  73,  Lexington.  Massachusetts  02 173-0073 


ABSTRACT 

Recent  performance  measurements  on  a  prototype  module  of  a  multi-beam,  flashlamp-pumped  dye-laser  system  are 
discussed.  Measurements  of  the  total  output  energy  of  the  dye  laser,  and  Its  distribution  In  the  far  field  are  presented  for 
operation  at  a  5-Hz  repetition  rale.  The  Implementation  of  a  real-time  dye-regeneration  system  and  the  choice  of  an 
optimum  dye  solvent  will  be  addressed. 

A  large,  multi-beam,  flashlamp-pumped  dye-laser  system  Is  being  constructed  by  Lincoln  Laboratory  for  a  field 
experiment.  This  paper  presents  performance  measurements  that  were  made  on  a  prototype  module  of  this  laser  system.  A 
test  bed  has  been  assembled  at  the  Laboratory  that  has  the  capability  of  supporting  two  of  these  dye-laser  modules,  and 
Implements  many  of  the  unique  features  of  the  final  system,  such  as  on-line  laser  performance  diagnostics  and  the 
capability  to  overcome  the  detrimental  effects  of  finite  dye  lifetime  during  operation  of  the  system. 

The  full-scale  laser  system  must  meet  several  requirements  for  ..le  proposed  field  experiment.  A  total  of  six  laser  beams 
(one  of  which  is  a  spare)  must  be  able  to  operate  continuously  for  30  minutes  at  a  10-Hz  repetition  rate,  with  each  laser 
providing  from  5-10  Joules  of  energy  per  pulse,  with  at  least  2  Joules  wtthln  a  10  X/D  divergence  angle.  The  lasers  are 
required  to  operate  at  a  wavelength  of  approximately  500  nm.  with  about  a  1-nm  bandwidth.  The  requirements  for 
wavelength  and  bandwidth  are  not  stringent,  and  are  easily  met  with  the  present  equipment.  Since  the  prototype  laser 
module  and  the  two-beam  test  bed  discussed  here  were  designed  and  built  to  satisfy  the  same  requirements  as  for  the  full- 
scale  laser  system,  the  measurements  presented  herein  are  indicative  of  the  expected  performance  for  the  dye  lasers  that  will 
be  used  for  the  field  experiment. 

The  laser  system  test  bed  has  fluid  control,  cooling,  and  electrical  support  for  two  separate  laser  beams  working  at  full 
output  power.  There  Is  also  a  provision  for  operating  three  laser  beams  at  a  reduced  power  level.  This  system  has  been 
operational  since  June  of  this  year  with  one  laser  beam  installed,  and  has  yielded  valuable  data  on  both  laser  performance 
and  engineering  aspects  which  can  be  directly  applied  toward  the  design  of  the  final  laser  system. 

Among  the  innovative  features  of  the  dye-laser  system  is  the  ability  to  run  the  lasers  for  extended  periods  of  time 
without  suffering  the  deleterious  effects  of  dye  degradation.  Instruments  monitor  the  level  of  photodegradation  products  in 
the  dye  process  stream  and  direct  a  fraction  of  the  dye  into  a  carbon  adsorber,  where  the  degradation  products  are  removed. 
Since  the  carbon  adsorber  also  removes  the  laser  dye.  other  instruments  add  the  correct  amount  of  concentrated  dye 
solution,  keeping  the  concentration  at  the  desired  level.  Other  instruments  continuously  control  flow  rates  and 
temperatures  of  all  the  process  fluids  in  the  system. 

Various  diagnostic  instruments  also  provide  Information  on  the  status  of  the  lasers.  Quantities  such  as  laser  energy  and 
beam  quality,  flashlamp  output  in  the  dye-pump  band,  and  spectral  llneshape  are  recorded  on  a  pulse-by-pulse  basis,  with 
the  aid  of  a  Digital  Equipment  Corporation  MlcroVAX  If  computer.  These  data  are  then  used  to  determine  the  performance 
of  the  dye  lasers. 

The  configuration  of  the  laser  equipment  Is  presented  schematicaUy  In  Figure  1.  All  of  the  optics  In  the  laser  system  are 
mounted  on  a  vertical  optical  bench.  Each  dye  laser  in  the  system  consists  of  two  Identical  laser  heads,  which  are  mounted 
wtthln  the  same  unstable  optical  resonator.  Each  laser  head  has  a  longitudinal  dye  flow,  and  is  pumped  by  the  output  from 
two  close-coupled  linear  xenon  flashlamps.  The  total  pump  energy  provided  by  the  four  flashlamps  in  the  laser  Is  2,000 
Joules.  The  dye  solution  consists  of  Coumarin  504  in  a  solvent  of  30  wt%  acetic  acid  amide  in  water.  The  choice  of  this 
particular  dye  solvent  will  be  discussed  later.  Spectral  control  is  provided  by  a  single-plate  blrefrlngent  tuning  element. 
Currently,  two  laser  heads  are  mounted  in  the  center  beam  position  on  the  optical  bench. 

For  the  present  measurements,  the  majority  of  the  laser  output  Is  collected  by  a  calorimeter,  which  measures  the  total 
energy  of  each  laser  pulse.  In  addition,  a  small  amount  of  the  beam  is  collected  and  focused  onto  a  CCD  (charge-coupled 
device)  camera  for  analysis  of  the  focal-plane  image.  This  image  yields  information  about  the  beam  divergence  of  the  dye 
laser.  Because  the  CCD  camera  is  so  sensitive,  we  use  an  uncoaled  fused-sUlca  wedge  to  attenuate  the  laser  beam.  By  tilting 
the  wedge,  beams  which  undergo  successive  reflections  from  the  internal  surfaces  emerge  at  different  angles.  Each  such 
beam  has  a  dllTerent  and  easily  calculated  attenuation.  Another  advantage  of  this  technique  is  that  the  attenuation 
produces  no  thermal  wavefront  aberrations. 

Other  beams  from  the  attenuation  wedge  go  to  a  spectrometer,  a  fast  photodiode,  and  a  second  calorimeter  which  collects 
the  energy  that  passes  through  an  aperture  placed  in  the  focal  plane.  This  calorimeter  is  used  to  provide  a  radiometric 
calibration  of  the  CCD  camera.  For  alignment  purposes,  an  argon-ion  tag  laser  beam  can  be  injected  into  the  laser 
resonator,  and  upon  exiling,  can  be  used  to  align  all  of  the  elements  In  the  optical  train.  In  addition,  an  alignment  telescope 
is  used  for  coarse  boreslght  alignment  of  the  laser  heads  relative  to  one  another. 
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Figure  1 :  Dye  laser  equipment  configuration 


Figure  2  shows  the  total  output  energy  of  the  dye  laser  as  a  function  of  the  electrical  flashlamp  pump  energy.  The 
resulting  curve  provides  data  on  the  efficiency  of  the  laser.  The  lasing  threshold  is  observed  to  be  about  500-J  pump  energy, 
and  the  efficiency  at  2.000-J  pump  energy  is  about  0.35%.  These  data  demonstrate  that  we  can  obtain  about  7  J  per  pulse  at 
the  maximum  available  pumping  level,  which  falls  roughly  in  the  middle  of  the  5-10  J  per  pulse  total  energy  requirement  for 
the  lasers. 


Figure  2:  a)  Dye  laser  output  vs.  electrical  pumping  energy, 
b)  Efficiency  of  dye  laser  as  a  function  of  pumping  energy. 


In  order  to  determine  the  beam  quality  of  the  laser,  the  output  Is  focused  to  the  far-fleld  with  a  long-focal-length  lens, 
and  the  resulting  focal  spot  Is  Imaged  with  a  computer-controlled  CCD  camera.  This  Image  Is  processed  by  the  computer  to 
yield  energy-ln-the-bucket  curves,  which  are  used  to  gauge  laser  beam  quality.  The  CCD  camera  consists  of  a  64  x  64  square 
array  of  pixels.  Each  pixel  Is  about  27  pm  on  a  side,  so  the  entire  array  Is  approximately  1.7  mm  on  a  side.  For  the  present 
measurements,  the  CCD  array  subtends  about  35  X./D. 

The  only  way  to  obtain  unambiguous  energy-ln-the-bucket  results  from  a  focal  plane  imaging  device  is  to 
radlometrlcally  calibrate  It.  Figure  3  shows  a  schematic  diagram  of  the  apparatus  used  for  our  calibration  procedure. 
Approximately  3%  of  the  dye-laser  output  is  directed  through  a  2.0-meter  focusing  lens,  and  then  Into  the  fuscd-silica  wedge 
(attenuator)  described  earlier.  Most  of  the  light  passes  straight  through  the  wedge  and  is  collected  by  a  calorimeter  located 
past  the  focal  plane  of  the  lens.  A  1.0-mm  diameter  diamond  aperture  Is  then  placed  in  this  focal  plane,  at  a  position  so  as  to 
maximize  the  amount  of  laser  energy  transmitted  through  it.  One  of  the  output  beams  from  the  wedge,  which  has  been 

attenuated  by  about  10®  Is  selected  and  directed  into  the  array  of  the  CCD  camera.  The  CCD  imaging  array  is  also  located  at 
the  focal  plane  of  the  2  meter  lens. 
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Figure  3;  Apparatus  used  for  radiometric  calibration  of  the  CCD  camera. 


During  subsequent  laser  pulses,  the  focal  plane  image  and  the  calorimeter  reading  are  recorded.  Since  the  dimensions  of 
the  CCD  array  within  the  camera  are  well  known,  one  can,  with  the  computer,  form  a  circular  "mask"  which  Is  1.0-mm 
diameter  and  center  this  mask  on  the  centroid  of  the  far-fleld  image.  Now.  the  sum  of  the  values  of  the  pixels  within  the 
mask  correspond  directly  to  the  energy  read  by  the  calorimeter,  which  also  records  the  energy  failing  within  a  1 ,0-mm 
aperture  in  the  focal  plane.  The  ratio  of  these  numbers  (and  the  relative  attenuation  In  each  path)  gives  the  responslvity  of 
the  CCD  camera. 

Figure  4  shows  a  typical  far-fleld  Intensity  profile  as  recorded  by  the  CCD  camera.  These  data  are  of  a  single  laser  pulse 
taken  from  a  run  made  at  5-Hz  repetition  rate.  Integrating  the  pixel  values  contained  in  successively  larger  circles  (centered 
on  the  image’s  centroid)  yields  the  energy-ln-the-bucket  data  for  this  pulse,  which  Is  shown  m  Figure  5. 

From  a  qualitative  inspection  of  the  far-fleld  image,  one  might  be  tempted  to  conclude  that  most  of  the  energy  in  the 
laser  is  falling  within  approximately  a  15  X/D  diveigence  angle,  since  the  values  of  those  pixels  outside  this  angle  have  such 
small  values.  The  radlometrically  calibrated  energy-ln-the-bucket  curve  however,  indicates  that  only  about  4.3  J  of  the 
total  energy  of  7.0  J  falls  within  a  20  X/D  angle,  with  the  other  2.7  J  of  the  beam  energy  falling  within  larger  divergence 
angles,  which  are  outside  the  field  of  view  of  the  CCD  camera.  This  Is  a  graphic  example  of  the  "fried-egg  effect",  and  points  to 
the  Importance  of  using  radlometrically  calibrated  far-fleld  imagrng  devices  for  quantitative  measurements  of  laser  beam 
quality. 

It  was  rather  disturbing  to  see  that  only  a  fraction  of  the  total  beam  energy  resided  within  a  10  X/D  divergence  angle, 
especially  smce  dye  lasers  that  use  unstable  resonators  are  reputed  to  have  almost  diffractlon-llmlted  output.  In  our  case, 
we  believe  the  main  reason  for  our  sub-standard  beam  quality  is  due  to  the  flow  of  the  dye  solution  through  the  laser  head. 
The  dye  encounters  several  short -radius  bends,  restrictions,  and  sharp  edges  at  the  input  and  output  ends  of  the  laser  head, 
and  there  Is  ample  opportunity  for  flow  cavitation  and  vortex  shedding  to  occur.  The  resulting  index  variations  In  the 
media  Impress  wavefront  aberrations  on  the  laser  output.  The  result  is  relatively  poor  beam  quality. 

To  test  this  hypothesis,  we  Injected  the  diffractlon-llmlted  argon-ion  tag  laser  beam  into  the  laser  resonator  and  let  it 
sample  the  index  variations  of  the  laser  media.  This  gives  a  simple  probe  of  the  ’baseline"  beam  quality  we  can  expect  to 
obtain  from  the  dye  laser  when  it  pulses.  Figure  6  shows  the  results  of  such  a  measurement.  ’The  tag  laser,  upon  emerging 
from  the  laser  resonator,  is  passed  through  the  same  far-fleld  imaging  apparatus  used  for  the  dye-laser  measurements.  The 
beam  quality  parameter  p  (roughly  the  focal-spot  diameter  in  units  of  X/D)  is  then  measured  as  a  function  of  dye-flow  rate 
through  the  laser  head.  There  is  obviously  a  strong  correlation  between  beam  divergence  and  the  flow  of  the  liquid  media. 
This  discovery  has  prompted  a  series  of  design  changes  to  the  laser  head  fluid  distribution  manifolds.  Preliminary  tests 
with  these  newly  designed  manifolds  show  both  a  more  uniform  and  higher  dye-flow  rate.  In  spite  of  the  poor  medium 
quiillty  at  our  operating  flow  rates,  we  can  still  attain  approximately  3  J  within  a  10  X/D  divergence  angle,  which  exceeds  the 
baste  requirements  for  the  field  experiment. 

Also  of  Interest  Is  the  fluctuation  of  the  laser  output  energy  during  operation.  During  one  data  run  at  a  5-Hz  repetition 
rate,  far-fleld  image  data  was  taken  every  few  seconds.  The  results  from  these  measurements  are  shown  in  Figure  7. 
Measurements  were  limited  to  a  repetition  rate  of  5  Hz  because  inadequate  dye  flow  through  the  laser  did  not  provide  enough 
exchanges  of  the  dye  medium  between  pulses  at  higher  repetition  rates.  The  graph  shows  the  total  laser  output  energy,  as 
well  as  the  energy  contained  within  divergence  angles  of  9,  14.  and  18  X/D. 

At  the  beginning  of  the  data  run.  the  repetition  rale  was  slowly  ramped  from  1  Hz  to  5  Hz  and  ramped  back  down  to  1  Hz 
at  the  end  of  the  run.  As  a  result,  the  first  and  the  last  few  images  were  taken  at  repetition  rates  lower  than  5  Hz.  These 
images  seem  to  have  a  lower  energy-ln-the-bucket  than  images  taken  at  5  Hz.  even  though  the  total  energy  was  roughly  the 
same.  This  is  really  an  artifact  of  the  energy-ln-the-bucket  measurement.  During  operation,  the  laser  media  acts  somewhat 
like  a  lens  due  to  the  thermal  gradients  Induced  by  the  flashiamp  pulses.  The  amount  of  spherical  power  Imparted  to  the 
laser  output  by  this  "thermal  lens"  Is  roughly  proportional  to  the  average  heat  input,  and  hence  the  pulse  repetition  rate. 
During  these  measurements,  the  CCD  camera  was  placed  at  the  optimum  focal  distance  for  operation  of  the  laser  at  5  Hz. 
■When  the  laser  is  operated  at  any  other  repetition  rate,  the  degree  of  "thermal  lenslng"  will  be  different,  and  hence  the  far- 
fleld  image  seen  by  the  CCD  camera  will  be  out  of  focus,  leading  to  a  lower  measured  energy-ln-the-buckel. 
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Figure  4:  Far-field  energy  distribution  of  a 
typical  dye  laser  pulse. 
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Figure  5;  Energy-in-ihe  bucket  curve  for  the 
far-field  distribution  of  figure  4. 


Figure  6;  Measured  beam  quality  of  the  argon-ion 
alignment  laser,  as  a  function  of  dye  flow  rate  in  the 
laser  head.  The  P  parameter  is  approximately  equal 
diameter  of  the  focal-plane  image,  in  units  of  X/D. 
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In  an  effort  to  measure  the  pointing-angle  Jitter  of  the  laser,  we  acquired  image  data  every  few  seconds  during  an 
extended  run  at  a  5-pps  repetition  rate.  For  each  of  the  far-field  images  taken  during  the  run.  the  centroid  of  the  image  was 
found.  Figure  8a  and  8b  show  the  pointing  jitter  about  the  laser  axis  in  the  X  and  Y  directions  during  the  run.  There  are  no 
observable  systematic  changes  in  the  pointing  angle:  the  jitter  appears  to  be  random.  Figure  9  shows  the  two-dimensional 
scatter  of  the  centroid.  About  the  X-axis,  the  standard  deviation  of  the  pointing  jitter  is  4.3  >./D.  and  for  the  Y-axis  3. 1  X/D. 
Both  of  these  numbers  represent  an  uncertainty  in  the  pointing  angle  of  less  than  1/2  of  the  10  X/D  beam  diameter.  This 
poses  no  problem  for  the  field  experiment.  The  laser  head  dye-flow  modifications  mentioned  previously  will  most  likely 
also  improve  the  pointing  characteristics  of  the  lasers,  since  the  jitter  probably  is  a  result  of  the  tilt  component  of  the  flow- 
induced  aberration  in  the  media. 


Figure  8:  a)  Fluctuation  of  the  X-component  of  the  far-field  image's 
centroid,  b)  same,  but  for  Y-compionent. 


Figure  9:  Two-dimensional  scatter  of  the  centroid  of  the 
far-field  image.  The  diameters  of  the  two  circles  represent 
motion  of  5  and  10  X/D. 


The  finite  lifetime  of  the  laser  dye  against  flashlamp  exposure  is  a  major  concern  in  any  large  dye-laser  system.  The  dye 
lifetime,  for  our  application,  is  defined  as  the  total  number  of  kJ  of  pump  light,  per  liter  of  dye  solution,  necessary  to  bring 
about  a  10%  reduction  in  the  laser  output.  The  dye  molecules  are  allegedly  destroyed  in  a  photochemical  reaction  with 
oxygen  dissolved  in  the  dye  solution.  This  reaction  produces  compounds  which  absorb  light  at  the  laser  wavelength,  leading 
to  losses  in  the  laser  cavity,  and  hence  lower  output  energy.  It  is  also  known  that  the  solvent  plays  some  part  in  the  reaction, 
since  the  same  dye  in  different  solvents  exhibits  different  lifetimes. 

Figure  10  shows  laser  energy  as  a  function  of  flashlamp  exposure  for  Coumarln  504  dye  in  30%  acetic  acid  amide  and 
water.  The  data  was  taken  at  Candela  Laser  Corporation  (under  Lincoln  Laboratory  contract)  with  a  single  laser  head  In  an 
unstable  resonator.  The  dye  lifetime  inferred  from  these  data  is  1.5  kJ/llter.  It  is  interesting  to  note  the  impact  of  this  dye 
lifetime  on  the  operation  of  both  the  prototype  and  full-scale  laser  systems.  With  the  700  liter  dye  reservoir  size  of  the 
prototype  laser  system,  if  a  real-time  dye-cleanup  system  were  not  available,  two  laser  beams,  each  running  at  a  10-Hz 
repetition  rate,  would  degrade  to  90%  of  their  Initial  energy  cifter  only  30  seconds.  The  full  complement  of  6  lasers  ruimlng 
at  10  Hz  in  the  full-scale  laser  system  would  need  only  1  minute  to  reach  the  same  fate.  But  the  lasers  are  required  to  run  for 
30  minutes  before  losing  this  much  output  energy.  Another  option  is  to  increase  the  size  of  the  dye  reservoir  to  obtain  longer 
effective  run  times.  If  this  were  done  for  the  full-scale  system,  the  dye  reservoir  would  be  required  to  hold  36.000  gallons  of 
dye  solution!  It  seems  clear  that  a  real-time  dye-cleanup  system  is  the  best  option,  considering  the  alternatives. 

In  an  investigation  of  the  role  of  dissolved  oxygen  on  the  dye  lifetime.  Candela  removed  oxygen  (which  is  thought  to  be 
one  of  the  photodegradation  reactants)  from  the  dye  solution  by  bubbling  nitrogen  through  it  overnight.  The  resulting  dye 
lifetime  is  compared  to  that  obtained  after  bubbling  air  through  the  solution  overnight.  Figure  1 1  shows  the  results  of  this 
experiment.  In  both  cases,  the  dye  lifetime  Is  about  1.5  kJ  per  liter.  Indicating  that  the  formation  of  the  degradation  product 
does  not  seem  to  depend  strongly  on  the  available  dissolved  oxygen.  It  is  also  interesting  that  the  energy  decreases 
uniformly  after  treatment  of  the  dye  solution  with  nitrogen.  This  is  probably  due  to  the  fact  that  oxygen  is  necessary  in  the 
dye  solution  as  a  triplet  quencher  for  the  dye  molecule. 
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Figure  10:  Laser  output  energy  vs.  flashlamp  exposure.  The  dye  solvent 
is  30  weight  percent  acetic  acid  amide  in  water. 


Figure  11:  Laser  output  energy  vs.  flashlamp  exposure,  after  bubbling 
air  and  nitrogen  through  the  dye  solution. 


With  such  small  values  of  dye  lifetime,  the  effectiveness  of  the  real-time  dye-cleanup  system  becomes  an  Important 
consideration.  Figure  12  and  13  show  the  results  of  measurements  of  the  degradation  cleanup  capability  and  dye-addltlon 
rate,  respectively.  Dye  solution  that  had  previously  been  degraded  (by  flashlamp  exposure)  to  a  level  representing  a  20% 
laser  energy  loss  Is  passed  through  the  carbon  adsorber  at  a  known  flow  rate,  and  then  returned  to  the  reservoir.  The 
resulting  exponential  decrease  in  the  concentration  of  the  degradation  component  Is  plotted  tn  Figure  12.  The 
concentration  of  the  degradation  compound  is  directly  related  to  the  laser  energy  loss,  and  Is  measured  with  a  1.0-meter 
optical  analyzer.  Knowing  the  system  volume  and  flow  rate,  these  data  yield  information  on  the  fraction  of  degradation 
product  removed  from  the  dye  process  stiieam  in  a  single  pass  through  the  carbon  adsorber.  The  data  indicate  that  from  95% 
to  100%  of  the  degradation  component  is  removed  by  the  adsorber  in  a  single  pass. 

The  carbon  adsorber  also  removes  dye  with  equal  efficiency,  so  during  operation  of  the  laser  system,  dye  must  be  added 
to  the  reservoir  to  replace  the  amount  that  is  removed  by  the  carbon.  In  the  prototype  laser  system,  for  example.  If  all  of  the 
dye  solution  returning  from  the  laser  heads  was  passed  through  the  carbon  adsorber  at  maximum  system  flow  rate,  dye 
would  be  removed  by  the  carbon  at  84  pmoles/sec.  For  the  real-time  dye-cleanup  system  to  work  then,  we  must  have  the 
capability  of  adding  dye  to  the  reservoir  at  least  that  fast  Figure  13  shows  a  measurement  of  dye  concentration  vs.  time 
during  the  metered  addition  of  a  dye  concentrate  solution  to  the  main  dye  reservoir.  In  this  case  the  dye  concentration  was 
measured  by  a  1-mm  path  optical  analyzer.  The  slope  of  the  curve  shows  the  capability  of  adding  dye  at  rates  of  90 
fimoles/sec,  which  exceeds  the  removal  rate  by  the  carbon  adsorber.  What  these  data  demonstrate  is  that  even  under  worst- 
case  conditions,  where  the  dye  during  a  single  laser  pulse  is  completely  converted  to  degradation  compound,  we  can  pass  all 
solution  returning  from  the  laser  heads  through  the  carbon  adsorber,  removing  virtually  all  of  the  dye  degradation 
component.  Since  we  can  add  dye  at  least  as  fast  as  the  carbon  adsorber  removes  it  under  full-flow  conditions,  we  are 
assured  of  the  ability  to  maintain  a  constant  working  dye  concentration. 
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Figure  12:  Concentration  of  dye  degradation  product 
(in  terms  of  the  laser  energy  loss  it  would  produce) 
vs.  time.  The  dye  laser  was  not  pulsing  during  this 
measurement. 


Figure  13:  Dye  concentration  vs.  time  during  the 
addition  of  dye  concentrate  solution.  The  working 
concentration  is  2.2  x  10"^  moles  per  liter. 


During  development  of  the  prototype  laser  system,  three  dtfferent  dye  solvents  have  been  used,  each  with  its  own 
advantages  and  disadvantages.  These  are  listed  In  the  following  Figure  14.  The  acetic  acid  amide  solution  seems  to  be  the 
best  choice  from  a  performance  and  safety  hazard  point  of  view,  because  of  its  non-flammable  and  non-toxic  properties. 
The  short  lifetime  of  C504  In  this  solvent  Is  a  drawback,  but  since  the  full-scale  laser  system  is  being  designed  with  the 
capability  to  remove  degradation  compounds,  and  restore  the  dye  to  the  proper  concentration  at  the  full  design  flow  rates, 
the  short  dye  lifetime  will  only  result  In  additional  cost  due  to  increased  usage  of  dye. 


SOLVENT 

FIRE 

TOXICITY 

TOTAL 

ENERGY 

DYE  LIFETIME 

HAZARD 

ENERGY 

IN  10  X/D 

METHANOL  / 

MODERATE 

MODERATE 

6  JOULES 

2.5  JOULES 

7.0  KJ/LITER 

WATER 

ETHYLENE- 

NONE 

MODERATE 

3  JOULES 

1.1  JOULES 

4.0  KJ/LITER 

GLYCOL  /  WATER 

ACETAMIDE  / 

NONE 

NONE 

7  JOULES 

2.5  JOULES 

1.5  KJ/LITER 

WATER 

_ 

Figure  14:  Comparison  of  three  different  candidate  dye  solvent  solutions 


In  summciTy,  we  have  made  performance  measurements  on  a  prototype  flashlamp-pumped  dye  laser.  The  laser  has  an 
energy  output  of  approximately  7  J  per  pulse,  with  more  than  2.5Jlna  lOX/D  divergence  angle,  and  a  pointing  angle  Jitter  of 
less  than  5  X/D.  A  dye  solvent  solution  has  been  found  which  Is  non-hazardous.  This  solvent  completely  eliminates  the 
risks  of  the  more  traditional  methanol-based  dye  solutions,  with  no  apparent  sacrifice  In  output  energy  or  beam  quality. 
The  shorter  dye  lifetime  In  the  new  solvent  is  mitigated  by  the  use  of  a  real-time  dye  regeneration  system,  which  has  the 
ability  of  removing  the  dye  phctodegradation  compounds  from  the  laser  during  operation. 

The  authors  wish  to  extend  their  thanks  to  Robert  E.  Hatch.  Joseph  M.  Mahan,  James  L.  Swedberg.  and  James  J.  Tynan 
for  their  valued  contribution  to  this  project. 
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ABSTRACT 


This  paper  reviews  the  research  program  in  dye  lasers  and  laser  dyes  at  the  U.S.  Army 
Missile  Command  (MICOM) .  The  goal  of  this  program  is  the  improvement  of  energy,  efficiency, 
and  service  lifetime  of  f lashlamp-pumped  dye  lasers.  Topics  that  will  be  discussed  include 
the  synthesis  of  improved  dyes,  spectral  line  narrowing,  flashlamp  improvements,  and  non¬ 
liquid  hosts. 

INTRODUCTION 

Research  in  the  area  of  lasers  has  been  carried  on  at  MICOM  for  a  number  of  years.  In 
the  past  several  types  of  lasers  have  been  investigated.  This  paper  discusses  current 
research  at  MICOM  in  the  area  of  dye  lasers  and  in  particular  f lashlamp-pumped  dye  lasers. 

Advantages  of  Dye  Lasers 

Flashlamp-pumped  dye  lasers  offer  a  number  of  potential  advantages  as  compared  to  other 
types  of  visible  laser  technology.  Some  of  these  advantages  are  summarized  here: 


°  UV  To  IR  Spectral  Coverage 

°  Moderate  Tunability  of  Individual  Dyes 

°  Wide  Range  of  Waveforms 

Pulses  from  Picoseconds-Microseconds 
CW 

°  Optical  Simplicity 
°  Potential  Reliability 

Applications  of  Dye  Lasers 

The  unique  characteristics  of  dye  lasers  give  them  diverse  applications.  Dye  lasers 
are  currently  being  used,  or  evaluated  for  use,  in  such  areas  as  laser  induced  chemistry, 
medicine,  spectroscopy,  and  communication.  As  an  example  of  medical  applications  see  the 
paper  by  Jim  Hsia  of  the  Candela  Corporation^ .  Several  other  applications  of  dye  lasers 
are  discussed  elsewhere  in  these  proceedings^,^. 


Problem  Areas  With  Dye  Lasers 


For  all  of  their  advantages  dye  lasers  require  further  development 
in  order  to  meet  present  and  future  requirements  of  both  the  civilian 
Summarized  below  are  a  number  of  the  problem  areas  with  dye  lasers: 


in  a  number  of  areas 
and  military  sectors. 


°  Efficiency 
Weight 
Volume 

Packageability 

°  Dye  Lifetime 
Maintainability 

°  Beam  Quality 

Spatial  Coherence 
Temporal  Coherence 
Brightness 

°  Scaling  to  Higher  Energy/Power 
Flashlamps 
Linear 
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Coaxial 

System  Complexity 

Electrical 

Fluid 

Maintainability 

Reliability 

°  Safety 

Flammable  Fluids 
High  Voltages 
Carcinogenic  Dyes 

We  at  MICOM  are  working  to  address  a  number  of  these  problem  areas  in  our  dye  laser  tech¬ 
nology  programs  which  will  be  described  next. 

Applied  Research  in  Dye  Lasers 

MICOM  is  developing  dye  laser  technology  through  both  basic  and  applied  research.  This 
section  describes  our  applied  research  program  and  the  following  section  describes  our 
basic  research  program.  The  objective  of  our  applied  research  program  is  to  develop  dye 
laser  technology  for  the  Army's  needs.  Our  approach  to  developing  dye  laser  technology 
is  to  demonstrate  that  scaling  of  current  dye  laser  technology  can  be  achieved  and  to  re¬ 
duce  the  size  and  weight  of  dye  laser  devices  by  increasing  the  device  efficiency  and  life¬ 
time  . 

MICOM  is  exploring  the  potential  of  a  number  of  innovative  areas  in  dye  laser  technology 
such  as  vapor  phase  dye  lasers,  fluorescence  enhancement,  multi-color  dye  lasers,  and  phase 
conjugation.  It  is  expected  that  this  technology  development  program  will  yield  more  effi¬ 
cient  and  reliable  dye  laser  devices.  This  program  is  summarized  as  follows: 

ACCOMPLISHMENTS 


Transverse  flow  f lashlamp-pumped,  7J/pulse,  1%  efficiency,  dye  laser  demonstrated. 
Improved  flashlamp  loading  and  lifetime  demonstrated.  Conceptual  design  of  efficient  color- 
agile  system.  (AVCO,  1984) 

XeCL  excimer  laser  pumped  dye  cell.  Pump:  wavelength  =  308nm,  energy  =  4KJ ,  pulse 
length  =  650  ns.  Output:  600J  with  R6G,  wavelength-  590  nm,  816J  with  C102,  wavelength  = 
480nm.  (Western  Research,  1986) 

Design  of  lOOJ/pulse,  lOHz  at  10%  duty  cycle,  f lashlamp-pumped  dye  laser.  Less  than  50 
XDL,  efficiency  at  least  0.8%,  lamp  life  at  least  10**5  shots  at  maximum  energy.  (AVCO, 
Rocketdyne,  1987) 

Design  of  IKJ/pulse,  1  Hz  f lashlamp-pumped  dye  laser.  Less  than  50  XDL,  efficiency  at 
least  0.8%,  lamp  life  at  least  500  shots  at  maximum  energy,  sub-scale  fabrication  of  100 
joule  system,  co-axial  flashlamp.  (Phase-R,  1987) 

Demonstrated  Stimulated  Brillouin  Scattering  Phase  Conjugation  of  a  f lashlamp-pumped  dye 
laser.  Oscillator-amplifier  configuration ,  ^ 50%  reflectivity,  1500  psi  CH4 ,  300mj ,  10-100 
GHz  linewidth.  (MICOM,  1987) 

CURRENT  EFFORTS 

°  Multi-wavelength  dye  laser 
°  Non-liquid  hosts 

°  Fabricate  100  joule  per  pulse,  10  Hz  dye  laser 
°  Liquid  slab  dye  laser 
°  Improved  excitation  technology 

FUTURE  PROGRAM 


°  Characterize  100  Joule/Pulse,  10  Hz  Device 
°  Pursue  Innovative  Techniques 
Excitation  Technology 
Linear  Flashlamps 
Co-Axial  Flashlamps 

Continue  to  Monitor  Excimer  Laser  Technology 
Radiation  Transport 
Coating 

Reflector  Geometry 
Fluorescence  Enhancement 
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Basic  Research  in  Dye  Lasers 

The  goal  of  the  MICOM  basic  research  program  is  the  advancement  of  dye  laser  technology 
through  the  performance  and  advocacy  of  relevant  basic  research.  This  includes  involving 
the  academic  community  in  dye  laser  research  through  the  use  of  contracts.  Short  Term 
Analysis  service  contracts  (STAS) ,  colloquia,  and  session  at  international  and  national 
conferences.  Listed  here  are  some  details  of  the  MICOM  dye  laser  basic  research  program: 

ACCOMPLISHMENTS 


Several  new  dyes  offering  improved  efficiency  and  extended  lifetime  have  been  synthesized 
and  characterized.  (Various,  1986,  1987) 

Stable,  streamerless  discharges  obtained  in  dye  vapors.  (U.  of  I.,  1986) 

Narrow  linewidth  operation  of  f lashlamp-pumped  dye  lasers. 

Oscillator  configuration:  250  MHz,  5  mj,  R6G. 

Osc-amp  configuration:  250  MHz,  600  mJ.  (MICOM,  1986) 

PHASE  CONJUGATION 


Objective:  Improve  the  beam  quality  and  volumetric  efficiency  by  the  development  of  SBS 

phase  conjugation  technology  and  pseudo-phase  conjugators. 

Issues:  Laser  linewidth,  pulse  length,  frequency  stability. 

Approach:  New  cavity  configurations,  injection  loc)ced  oscillator-amplifier,  improved 

conjugators . 


DYE  SYNTHESIS  AND  CHARACTERIZATION 


Objective:  Develop  more  efficient,  longer  lived  dyes  spanning  the  near  UV  to  near  IR 

spectrum. 

Issues:  Triplet  state  formation,  triplet-triplet  absorption,  dye  molecule  photolysis, 

dye  molecule-solvent  interaction. 

Approach:  Develop  chromophores  to  move  fluoresence  band  away  from  triplet-triplet 

absorption  band,  investigate  alternate  solvents  and  cover  gases. 

NON-LIQUID  HOSTS 


Objective : 

Issues : 
Approach : 
VAPOR  DYE 
Objective : 
Issues : 
Approach : 


Develop  potentially  low-cost,  simple  sources  of  dye  laser  radiation  exploit¬ 
ing  proven  solid-state  technology. 

Acceptable  host  medium,  re-solvating  dye  media,  poor  optical  quality. 

Improve  host  materials,  phase  conjugation. 

Develop  vapor  dye  laser  radiation  source  of  high  peal^  power. 

Discharge  uniformity,  dye  molecule  disintegration. 

Develop  stable,  streamer  free  discharge  in  dye  vapors,  probe  active  medium. 


This  paper  and  the  two  dye  laser  and  laser  dye  sessions  at  the  conference  are  examples  of 
our  desire  to  involve  the  academic  community,  as  well  as,  commercial  and  government  con¬ 
cerns  in  dye  laser  research.  Several  papers  in  these  proceedings  are  results  of  this 
effort  including  a  paper  by  Jim  Bentley‘S  which  summarizes  design  tradeoffs  which  are 
required  in  the  synthesis  of  new  laser  dyes  and  a  paper  by  Stephen  Russell^  which  discusses 
Stimulated  Brillouin  Scattering  Phase  Conjugation.  Other  papers  related  to  this  wor)< 
appear  elsewhere  in  these  proceedings . 


Conclusions 


The  U.S.  Army  Missile  Command  has  a  vigorous  program  in  dye  laser/laser  dye  research 
in  both  basic  and  applied  areas.  We  are  actively  researching,  supporting  research,  and 
encouraging  research  in  dye  laser  technology  in  a  number  of  areas  including  scaling  of  dye 
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laser  devices,  Stimulated  Brillouin  scattering  technology,  flashlamp  technology,  improved 
radiation  transport,  and  non-liquid  host  technology.  We  are  also  actively  pursuing  laser 
dye  technology  by  seeking  to  have  new  dyes  synthesized  which  offer  improved  efficiency  or 
improved  lifetime. 
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Abstract 

A  series  of  measurements  aimed  at  characterizing  spectral  instabilities  in  narrow- 
linewidth  multiple-prism  f lash lamp-pumped  dye  lasers  are  presented.  The  discussion  is 
centered  on  the  spectral  instabilities  observed  when  operating  under  conditions  favorable 
for  double-mode  (Av  ~  250  MHz)  oscillation. 

Introduction 

Recently^  we  reported,  for  the  first  time,  on  spectral  instabilities  in  long  pulse 
narrow-linewidth  multiple-prism  f lashlamp-pumped  dye  laser  oscillators.  These  instabili¬ 
ties  were  observed  in  the  form  of  a  lower  frequency  modulation  overimposed  on  the  frequency 
beating  (Av  ~  250  MHz)  characteristic  of  double-longitudinal-mode  oscillation.  Here,  we 
present  and  discuss  a  series  of  measurements  aimed  at  understanding  the  physical  origin  of 
these  instabilities. 


These  experiments  differ  from  other  contributions  in  the  area  in  several  important 
aspects.  First,  the  degree  of  stochastic  variability  is  reduced  since  we  restrict  oscil¬ 
lation  to  the  double-mode  case.  Secondly,  this  study  refers  to  a  long-pulse  coaxial 
f lashlamp-pumped  dye  laser  device  which  offers  distinct  difficulties  in  regard  to  active 
medium  uniformity  and  thermal  stability.  Further,  this  study  was  motivated  by  the  neces¬ 
sity  of  restricting  the  conditions  originating  the  instabilities  rather  than  by  an  interest 
in  studying  stochastic  processes. 

Several  previous  experiments^”^  provide  useful  background  information  on  different 
aspects  of  performance  variability  in  narrow-linewidth  multiple-prism  oscillators.  Thermal 
effects  were  measured  and  characterized  in  Ref.  2.  Dependence  of  linewidth  characteristics 
on  dye  flow  turbulence  in  high  prf  copper-laser  pumped  dye  lasers  is  discussed  in  Ref.  3. 
Evidence  of  variations  in  the  mode  intensity  ratio,  for  double-longitudinal-mode  oscilla¬ 
tion,  in  an  homogeneous  gaseous  medium  is  presented  in  Ref.  4.  For  a  discussion  of 
stochastic  processes  in  multimode  grazing-incidence  dye  lasers  the  reader  should  consider 
Ref.  5. 


Experimental 

The  schematics  of  the  narrow-linewidth  multiple-prism  coaxial  flashlamp  oscillator 
utilized  in  these  experiments  is  shown  in  Fig.  1.  The  multiple-prism  expander  incorporates 
four  right-angle  quartz  prisms  with  an  apex  angle  of  42.7°.  The  two  small  prisms  have  a 
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hypotenuse  of  15  mm  while  the  hypotenuse  for  the  large  prisms  is  50  mm.  The  grating 
employed  was  140  mm  wide  with  3000  C/mm. 


Coaxial  ftashlamp  dye  loser 


Grating 
3000  l/mm 


Fig.  1.  Schematics  of  the  multiple-prism  Littrow  coaxial  f lashlamp-pumped  dye  laser 
utilized  in  these  experiments. 


The  laser  was  a  small  coaxial  device  (Phase-R  model  1400)  with  an  active  length  of 
16  cm  in  a  6  mm  diameter  bore.  When  lasing  with  near  optimum  intracavity  beam  expansion 
(250  MHz  <  <  375  MHz),  the  energy  output  was  in  the  5  to  10  mJ  range  depending  on  the 

dye  concentration.  Output  beam  diameter  was  ~2  mm.  Further  experimental  details  are  given 
in  Ref.  1. 

Most  measurements  presented  are  in  the  form  of  temporal  pulse  shapes  obtained  with  a 
high-speed  vacuum  photodiode  and  a  Tektronix  7834  fast  storage  oscilloscope. 

Results 

First  we  consider  the  stochastic  nature  of  the  variations  as  provided  by  a  series  of 
observations  while  maintaining  all  operational  parameters  fixed.  These  results  are  shown 
in  Fig.  2.  The  experimental  conditions  here  relate  to  a  rhodamine  590  dye  concentration 
of  2.5  X  10“^  M,  a  lamp  voltage  of  16.5  kV,  and  an  output  energy  of  6  mJ.  The  main  feature 
of  these  results  is  that  intensity  variations  were  found  to  be  +5%  and  that  the  maximum 
amplitude  of  the  mode  beating  is  ~22  +  2%  of  the  total  intensity.  Also,  the  pattern  of 
instability  as  determined  by  the  lower  frequency  modulation  of  the  mrde  beating  appears  to 
vary  somewhat  from  shot  to  shot.  Variations  apparent  in  Fig.  2  are  au  ibuted  to 
stochastic  processes. 


The  rather  regular  pattern  of  linewidth  instability  demonstrated  in  Fig.  2  is  by  no 
means  typical.  Indeed,  rather  exotic  modes  of  instability  can  be  demonstrated  as  shown  in 


Fig,  2.  Four  different  temporal  pulses  characteristic  of  double-lonqitudinal-mode 
oscillation.  For  all  pulses  conditions  are  identical.  Thus,  variations  observed  are 
stochastic  in  nature. 


Fig.  3.  The  modulation  of  Fig.  3(a)  results  at  an  excitation  voltage  of  17  kV,  a  tempera¬ 
ture  difference  (AT)  between  dye  solution  and  cooling  water  of  -0.8'’C,  and  misalignment  of 
the  beam.  The  modulation  of  Fig.  3(b)  was  observed  at  a  lamp  voltage  of  15  kV,  AT  -1.1°C, 
again  under  beam  misalignment.  The  pattern  of  Fig.  3(c)  is  the  result  of  the  introduction 
of  an  intracavity  aperture  which  results  in  a  reduction  of  illumination  at  the  grating. 

As  shown  in  Fig.  3(d),  the  amplitude  of  the  mode  beating  oscillation  and  the  presence  of 
the  overimposed  lower  frequency  modulation  are  reduced  significantly  by  optimizing  the 
beam  alignment  and  increasing  the  number  of  grooves  being  illuminated  at  the  grating.  The 
results  of  Fig.  3(d)  were  obtained  by  illuminating  ~20%  more  grooves  than  in  the  configu¬ 
ration  utilized  to  achieve  the  effects  shown  in  Fig.  3(c). 


Discussion 

In  Ref.  1  it  was  shown  that  under  optimum  experimental  conditions  these  mi’ltiple-prism 
oscillators  can  yield  single-longitudinal-mode  operation  [see  Fig.  4(a)],  or  when  oscil¬ 
lating  in  double  mode,  the  temporal  pulse  can  be  indicative  of  uniform  mode  beating  which 
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Fig.  3.  (a-c)  Different  temporal  pulses  demonstrating  severe  changes  in  the  mode 

intensity  ratio  (see  text  for  explanation).  (d)  Amplitude  of  mode  beating  oscillation  is 
reduced  due  to  the  oscillation  of  a  very  strong  mode  in  conjunction  with  a  very  weak 
secondary  mode.  This  is  accomplished  by  nearly  maximum  beam  expansion  and  optimum  beam 
alignment . 


in  turn  is  representative  of  an  unchanging  mode- intensity  ratio  (Figs.  4(b)  and  (c)].  The 
lower  frequency  modulation,  or  instability  oscillation  (shown  in  Figs.  2  and  3),  occurs 
due  to  variations  in  the  intensity  ratio  of  the  two  modes  as  the  laser  pulse  evolves. 

Here  we  explore  and  describe  possible  mechanisms  which  may  cause  these  variations  in  the 
mode  intensity  rati*^. 


Two  possible  mechanisms  that  can  cause  the  instability  effect  are  mode  competition 
and/or  frequency  jitter.  A  description  of  a  source  of  ;  requency  jitter  can  be  provided 
following  consideration  of  the  linewidth  equation‘s  for  multiple-prism  grating  oscillators 
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Fig.  4.  (a)  Smooth  temporal  pulse  indicative  of  single-mode  oscillation  (from  Ref. 

1).  (b)  Stable  double-longitudinal-mode  oscillation  at  10  ns/div  (from  Ref.  1).  (c)  Uni¬ 

form  mode-beating  pattern  at  20  ns/div  (from  Ref.  9). 


r  r  m 

AX  =  A0  [  n  knj(35/aX)Q  +  2  r  (+1)  (  n  kj)  tam^j  (dn/dX)]  -  (1) 

m=l  m=l  j=l  ' 

Here,  Oa/ax)^  is  the  grating  dispersion  (either  in  Littrow  or  grazing-incidence  con¬ 
figuration),  k^  the  expansion  factor  provided  by  individual  prisms,  refraction 

angle  at  each  individual  prism,  and  (dn/dX)  is  characteristic  of  the  prism  material.  In 
this  equation  the  second  term  corresponds  to  the  contribution  of  the  multiple-prism 
expander  to  the  overall  dispersion.  This  terra  can  be  made  equal  to  zero”  °  by  utilizing  a 
compensating  configuration  such  as  the  one  shown  in  Fig.  1.  Thus,  one  can  describe  the 
tuning  characteristics  of  the  oscillator  using  the  grating  equation.  Under  these  circum¬ 
stances  it  can  be  shown^  that  a  beam  angular  displacement  of  only  ~10“^  radians  can  cause 
a  frequency  shift  of  ~250  MHz.  Such  frequency  displacement,  during  the  laser  pulse,  could 
have  a  severe  effect  on  the  intensity  ratio  of  two  longitudinal  modes  separated  by  250  MHz. 
A  further  consequence  of  this  effect  could  be  frequency  jitter  resulting  from  displacement 
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of  the  two  modes  in  the  frequency  domain.  Certainly,  frequency  jitter  was  observed  inter- 
f erometr ically  in  association  with  temporal  pulses  typical  of  unstable  behavior.^ 

From  the  results  presented  in  Fig.  3  it  is  reasonable  to  assume  that  geometrical 
effects,  including  beam  displacement  and  spatial  constraints  on  the  expanded  beam  illumi¬ 
nating  the  grating,  influence  the  extent  and  magnitude  of  the  instabilities.  Indeed,  it 
is  easy  to  demonstrate,  via  Eq.  1,  that  a  reduction  in  the  width  of  the  expanded  beam  leads 
to  a  broadening  of  the  dispersive  linewidth,  which  in  turn  allows  the  secondary  cavity 
mode  to  increase,  thus  reducing  the  intensity  ratio  that  results  in  an  increase  of  the 
mode  beating  oscillation  amplitude. This  effect  can  be  emphasized  by  compa”ing 
Figs.  3(c)  and  3(d) . 

Using  the  simple  notion  of  the  dispersive  linewidth  being  displaced  in  the  frequency 
domain  in  an  oscillatory  manner  (at  ~20  MHz)  while  the  two  longitudinal  modes  remain  sta¬ 
tionary,  we  can  closely  reproduce  the  temporal  pulse  shapes  of  Fig.  2  using  a  two-mode 
electromagnetic  wave  representation.^  Here,  omitting  the  high  frequency  terms,  the  inten¬ 
sity  due  to  the  double-mode  oscillation  is  written  as  a;  (1/2)  (E^  +  E^)  +  EiE2  cos(w2^  - 
£j2)t,  with  the  ratio  of  frequency  jitter  to  cavity  mode  spacing  represented  by  a  sinusoidal 
function,  at  a  frequency  of  20  MHz. 

At  this  stage  it  is  reasonable  to  assume  that  geometrical  effects  can  cause  the 
instabilities  demonstrated  in  Fig.  3.  The  next  area  of  interest  concerns  the  physical 
phenomena  that  may  produce  the  geometrical  variations.  In  Ref.  4  it  is  indicated  that 
narrow-linewidth  multiple-prism  oscillators  utilizing  a  non-flow  gaseous  medium  do  experi¬ 
ence  variations  in  the  longitudinal-mode  intensity  ratio.  However,  these  variations  are 
from  shot  to  shot  and  do  not  occur  during  the  duration  of  a  single  laser  pulse.  The  work 
discussed  in  Ref.  3  provides  clear  evidence  that  stable,  single-mode  oscillation  is  only 
possible  when  the  dye  flow  through  the  cell  is  free  from  turbulence.  In  Ref.  2  the  impor¬ 
tance  of  thermal  stability  is  highlighted.  From  these  premises  it  can  be  assumed  that 
stable  linewidth  operation  requires  thermal  uniformity  in  the  active  medium  and  elimination 
of  turbulence.  Certainly,  these  are  two  conditions  which  are  not  inherent  in  coaxial 
f lashlamp-pumped  dye  lasers.  Here,  it  is  not  difficult  to  see  that  inhomogeneities  in  the 
dye  medium,  caused  by  turbulence  and/or  thermal  spatial  differences,  can  force  slight 
deviations  in  the  beam  as  the  pulse  progresses  in  time.  To  test  this  assumption,  the  laser 
was  operated  under  static  dye  conditions  which  in  turn  neutralized  the  turbulence.  Under 
these  conditions  the  variations  in  the  mode  intensity  ratio  were  reduced  noticeably.^ 

The  thermal  conditions  in  this  type  of  f lashlamp-pumped  dye  laser  can  be  described 
using  cylindrical  coordinates.  If  the  initial  and  boundary  conditions  are  independent  of 
the  angular  and  z  coordinates  (the  z  coordinate  in  this  case  is  the  optical  axis)  the 
temperature  is  a  function  of  the  radius  and  time  only.  Thus,  under  these  ideal  conditions 
the  equation  of  conduction  reduces  to^^ 

3v/9t  =  K[9^v/3r^  +  (1/r)  9v/9r]  (2) 
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By  separating  variables  so  that  v(r,t)  =  R(r)  T(t)  a  solution  to  this  equation  is  of  the 
form 


v(r,t) 


Jo(a„  r) 


(3) 


where  Jq  is  a  Bessel  function  of  the  first  kind.  The  final  format  of  this  solution  depends 
on  exact  boundary  conditions. Fcr  the  purpose  of  the  discussion  here  we  assume  different 
but  uniform  initial  dye  and  water  temperatures.  For  this  case,  Eq.  (3)  clearly  indicates 
that  a  definite  temperature  radial  profile  should  be  expected  for  ideal  conditions  of 
spatial  homogeneity  of  the  active  medium.  Hence,  the  refractive  index  of  the  dye  solution 
should  remain  uniform  for  light  propagating  along  the  optical  axis.  All  this  is  seriously 
altered  by  the  presence  of  turbulence  since  dye  solution  from  different  temperature  regions 
will  be  distributed  at  random. 

As  discussed  in  Ref.  1,  a  further  source  of  instability  is  real  time  variations  in 
the  pumping  photon  flux.  Investigation  of  this  phenomena  will  be  the  subject  of  future 
experiments. 


Conclusion 


Measurements  presented  in  this  paper  lead  us  to  conclude  that  linewidth  instabilities 
in  narrow-1 inewidth  multiple-prism  pulse  dye  lasers  have  definite  physical  origins  and  are 
not  purely  stochastic  in  nature. 


The  type  of  coaxial  f lashlamp-pumped  dye  laser  utilized  in  these  experiment  is  a  com¬ 
plex  device  with  thermal,  flow,  mechanical,  and  excitation  variables  which  can  all  con¬ 
tribute  to  the  spectral  instabilities.  Our  experience  indicates  that  the  design  of  a 
vibration-free,  nonturbulent,  dye  flow  system  should  contribute  toward  the  minimization  of 
the  instabilities  observed. 

The  present  work  was  carried  out  in  cooperation  with  R.  D.  Russell,  S.  P.  Patterson 
and  J.  E.  Adams.  Support  from  Battelle  Columbus  Division,  and  U.S.  Army  (contract 
DAAL03-86-D-0001)  is  gratefully  acknowledged. 
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LONG  PULSE  DYE  LASER 
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President 
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Old  Bay  Road,  New  Durham,  New  Hampshire  03855 

Abstra  ct : 

Coaxial  Flashlamps  are  known  for  pumping  organic  dyes  with  high  efficiency  from  O.lus  to 
1 . 5us  pulsewidth.  The  requirements  and  results  are  presented  which  permit  efficient  long 
pulse  operation  into  the  millisecond  region. 

Long  Pulse  Dye  Laser 

One  of  the  important  requirements  for  making  a  long  pulse  flashlamp  excited  dye  laser  is 
UV  filtering. 

At  Phase-R  Corp. ,  we  work  with  our  all  metal  to  quartz  sealed  coaxial  flashlamp.  For 
best  performance  of  the  dye  laser  at  high  repetition  rates  and  for  long  dye  life,  a  triax 
configuration  is  used.  A  triax  is  nothing  more  than  another  tube  placed  inside  the  coax  to 
permit  an  annulus  for  cooling  water  next  to  the  flashlamp  (Figure  1). 

By  controlling  the  temperature  of  both  the  dye  and  the  water,  excellent  beam  quality  at 
high  rate  is  maintained.  Adding  caffeine  to  this  cooling  water  greatly  improves  dye  life  by 
filtering  out  the  UV  from  the  flashlamp  (Figure  2,3). 

Figure  4,5,6  presents  some  work  that  was  done  by  some  people  at  GTE.  (1)*  laser  was 
terminating  at  a  pump  intensity  much  greater  than  where  the  dye  started  to  lase.  But  in 
figure  5  when  they  filtered  out  the  UV,  the  triplet  quencher  was  more  efficient  and  they 
found  that  the  laser  pulse  terminated  at  an  input  intensity  of  a  little  bit  less  than  what 
it  was  when  it  started.  They  concluded  that  triplet  production  had  come  to  an  equilibrium 
and  certainly  was  not  increasing.  As  a  result,  there  should  not  be  any  limit  to  the  pulse- 
width.  However,  efficiency  is  reduced  by  at  least  one  order  of  magnitude. 

We  decided  to  test  this  concept  in  a  10  microsecond  laser  was  made.  The  left  picture  in 
figure  7  has  only  COT  with  no  UV  filtering.  The  rapid  fall  is  indicative  of  triplet 
absorption. 

We  next  added  caffeine  to  the  traix  cooling  water.  The  right  picture  confirms  the  fact 
that  the  UV  was  having  an  instantaneous  affect  on  COT's  rate  of  triplet  state  quenching. 

The  lower  picture  is  a  test  to  see  if  the  triplet  states  do  come  to  some  equilibrium.  We 
made  a  PFN  that  produced  two  current  pulses  in  the  flashlamp  such  that  the  intensity  in  the 
flashlamp  is  exactly  the  same  on  both.  We  got  a  startling  result.  The  second  laser  pulse 
had  more  intensity  than  the  first. 

This  says  there  are  some  things  going  on  with  triplet  states  that  we  really  do  not 
understand.  In  fact,  what  COT  does  with  the  material  is  quite  dramatic.  But  we  have  come 
to  the  conclusion  that  it  is  very  important  to  eliminate  the  UV  in  all  these  organic  dyes 
and  solvents.  You  have  got  to  keep  the  UV  away.  V^hen  we  say  UV,  we  are  saying  below  3000A. 

To  further  test  the  equilibrium  theory,  we  made  a  300us  pulse.  Figure  8  shows  the  laser 
pulse  which  followed  the  light  pulse.  It  appears  that  Papparlardo  may  be  correct  on  having 
no  limit  to  the  laser  pulsewidth , except  for  the  possibility  of  index  gradient  formation. 


(1) *  Long-Pulse  Laser  Emission  from  Rhodamine  6G:  Romano  Pappalardo,  H.  Samuelson, 
Alexander  Lempicki;  IEEE  Journal  of  Quantum  Electronics,  Vol .  QE-6,  No.  11, 
Nov.  1970 
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Fig.  4  Long  User  emission,  (ii)  ~600  from  a  CSOVs'FWHM 
pump,  (b)  Pump  filloied  wi(.h  K-^CiOj  .solution.  Input  .OIO  joules 
with  524  /jF.  Slumlurd  l;iser  soluliui).  Power  levels  of  the  pump 
at  threshold  and  tcrnuniition  arc  indicated. 
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Fig.  5  Example  o/  laser  output  <:loKcIy  following  punij)iiig-puJsc 
outline.  Solution— 5  X  10"‘  M/1  rhodamine  CG  and  5  X  10''  M/I 
COT  in  ethanol.  Cell — .3  inchfa  long,  with  flat  windows 
Pumping— FX  42  flashlamp  at  144  ;^F  288  joules;  Corning 

fdicr  on  flashlamp.  (a)  Laser  outrMi-  (b)  Pump  pulse.  Nolo  the 
low  level  of  the  jiower  for  laser  ter/'t‘nation,  which  is  ~C0  percent 
of  the  threshold  power. 


500 

INPUT  (J) 


Fig.  6  Efficiency  curves  for  an  cthonolic  solution  of  5  X  10“‘ M/i 
rhodamine  OG.  3-inch  cell,  with  flat  windows;  outpuUmirror 
rcOectivity  90.5  percent.  Cavity  H.  (a)  5  X  lO"'  M/1  COT; 
GG  15  filtors  in  the  cavity,  (b)  Same,  but  Pyrex  filters  in  the 
cavity.  Note  the  improvement  from  (b)  to  (a),  (c)  1.5  X  10”*  M/1. 
COT;  GG  13  filters  in  cavity. 
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A  FLASHLAMP  PUMPED  ZIG-ZAG  SLAB  DYE  LASER 
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1900  Sparkman  Drive 
Huntsville,  Alabama  35816 

J.  Ehrlich  and  R.W.  Conrad 
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Redstone  Arsenal,  Alabama  35898 


Abstract 

A  zig-zag  optical  path  through  the  laser  cavity  can  potentially  reduce  thermal 
distortion.  Presented  is  experimentation  and  analysis  of  thermally  induced  effects  in  a 
flashlamp  pumped  zig-zag  dye  laser  system. 


1 .  Introduction 

As  a  laser  medium  is  excited  through  a  series  of  repetitive  flashlamp  pulses,  zones  of 
thermal  energy  concentration  develop  d istr ibutivel y  from  the  outer  edges  of  the  dye  medium 
decreasing  in  thermal  amplitude  inwardly  toward  the  center.  A  zig-zag  path  which  deflects 
throughout  the  dye  medium  from  one  dye  cell  wall  to  the  other  tends  to  average  the  thermal 
energy  concentrations  throughout  the  cell  thus  reducing  their  net  effect  on  the  beam 
quality.  The  work  reported  here  extends  the  zig-zag  principle  from  solid  slab  lasers  to 
liquid  dye  lasers.  A  zig-zag  dye  laser  is  constructed  and  the  laser  beam  quality  is 
observed  for  both  straight-through  and  zig-zag  paths.  Laser  spots  are  photographed  by  a 
35mm  camera  and  by  a  high-speed  framing  camera.  In  addition,  the  f lashlamp-pumped  dye  cell 
is  placed  in  one  leg  of  a  Mach-Zehnder  interferometer  and  a  duplicate  unpumped  dye  ce’ 1  is 
placed  in  the  other.  The  resultant  fringe  patterns,  which  reveal  the  thermal  distortions 
of  the  pumped  cell,  are  filmed  at  5000  frames  per  second  while  the  flashlaraps  are  pulsed. 
Fringes  are  filmed  for  straight-through  and  zig-zag  paths.  The  zig-zag  dye  cell  and  its 
associated  flashlamp  pumping  system  are  described.  The  laser  spot  photographs  are 
presented,  analyzed,  and  discussed.  The  Mach-Zehnder  film  is  described  and  discussed. 


2 .  Zig-Zag  Dye  Cell 

The  sides  of  a  zig-zag  solid  laser  slab  have  no  reflective  coating  since  this  might 
block  some  of  the  pump  light.  Instead,  the  beam  is  made  to  zig-zag  by  total  internal 
reflection.  An  exact  dye-laser  analog  of  this  system  would  require  a  monolithic  dye  cell. 
The  only  reported  monolithic  dye  cells  are  liquid  jets  and  solid  hosts.  A  jet  seems  too 
experimentally  complicated  for  the  zig-zag  geometry.  Solid  hosts  have  other  probleras[l,  2, 
3],  Therefore  the  zig-zag  dye  cell  for  this  work  is  designed  with  walls.  The  refractive 
index  for  a  typical  dye  solution  is  near  that  of  water  which  requires  a  wall  material  with 
a  refractive  index  less  than  about  1.1  if  total  reflection  is  to  occur  at  a  practical  angle 
with  the  liquid-wall  interface.  Instead  of  designing  the  reflection  to  occur  at  the 
liquid-wall  interface,  the  zig-zag  dye  cell  is  designed  with  the  reflections  at  the  outer 
surface  of  the  walls,  which  are  made  of  vitreous  quartz  (n  =  1,4585,  at  0.55  micrometers). 
The  construction  of  the  dye  cell  is  shown  in  Figure  1.  The  dye  solution,  Rhodamine  6G  in 
methanol  (n  =  1.326),  enters  the  lower  fitting  and  exits  the  top  fitting.  A  top  view  of 
the  zig-zag  beam  path  through  the  cell  is  shown  in  Figure  2.  A  ray  trace  is  shown  for  each 
edge  of  the  laser  beam  and  for  a  central  ray.  The  rays  enter  normal  to  the  50  degree 
slanted  faces  and  strike  each  side  dye-wall  interface  at  50  degrees  off  normal.  The 
details  of  the  wall  reflections  are  shown  in  Figure  3.  The  rays  are  refracted  upon 
entering  the  wall  to  an  angle  44.14  degrees  off  normal.  The  critical  angle  at  the  outer 
surface  is  43.29  degrees;  therefore,  the  design  meets  the  condition  for  total  internal 
reflection  at  the  outer  surface.  Some  unwanted  reflection  occurs  at  the  dye-wall  interface 
since  the  refractive  index  of  the  wall  is  not  a  perfect  match  to  the  dye  solution.  These 
rays  are  shown  in  Figure  3  as  dotted  lines  for  the  case  where  light  enters  from  the  left. 
The  rays  labeled  a  and  b  are  ca leu  la ted [ 4  ]  to  be  about  1%  of  the  incident  light  intensity 
for  vertical  polarization  and  much  less  for  horizontal  polarization.  The  ray  b'  is  almost 
as  strong  as  b.  Rays  a  and  b'  are  parallel  to  the  main  ray  but  are  spaced  0.294"  (7.47mm) 
to  either  side  of  it.  Since  light  also  travels  r ight- t o- 1 e f t  in  the  laser  cavity  rays 
similar  to  a  and  b'  are  produced,  where  the  b'  ray  returning  upon  itself  combines  with  the 
ray  similar  to  a,  and  where  the  a  ray  returning  upon  itself  combines  , ith  the  ray  similar 
to  b'.  However,  rays  outside  the  center  0.22"  (5.6mm)  of  the  laser  beam  have  one  sidebeam 
blocked  by  the  exit  aperature,  0.514"  x  0.866"  (13.1mm  x  22mm). 
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3 .  Straight-Through  Path 


For  comparison,  the  dye  cell  shown  in  Figure  1  is  also  operated  with  straight-through 
alignment.  This  is  shown  in  Figure  4.  Note  that  the  beam  enters  and  leaves  the  faces  at 
58.47  degrees  off  normal.  This  yields  an  effective  aperture  of  0.268"  x  0.866"  (6.80mra  x 
2  2mm)  . 


4 .  Flashlamps  and  Reflectors 

Two  6"  (15.2cm)  linear  short-pulse  Xenon  flashlamps  (ILC  L-6209,  6ram  bore,  6"  arc 
length,  200  torr  fill)  provide  the  optical  pumping  for  the  zig-zag  dye  cell.  Each  lamp  is 
placed  in  a  half  cylinder  diffuse  reflector  whose  diameter  (0.875")  fits  against  the  side 
of  the  dye  cell.  The  inside  of  the  reflector  is  sprayed  with  barium  sulfate  and  the  lamp 
is  placed  as  close  as  practical  to  the  back  wall  of  the  reflector.  The  ends  of  the 
flashlamps  (and  leads)  block  the  path  of  the  beam.  This  obstruction  can  be  avoided  by 
turning  the  beam  with  prisms  as  shown  in  Figure  5  for  the  zig-zag  path  and  Figure  6  for  the 
stra  ght-through  path.  Alternately,  a  bent  flashlamp  requires  no  prisms  as  shown  in 
Figure  7  for  the  zig-zag  path  and  Figure  8  for  the  straight-through  path.  A  shorter 
reflector  accomodates  the  bent  lamp.  The  reflectors  are  not  shown  in  Figures  5,  6,  7,  and 
8. 


5 .  Laser  Mirrors 

Flat,  dielectric  mirrors  are  placed  to  form  the  laser  cavity  as  shown  in  Figures  5,  6, 

7,  and  8.  One  mirror  is  rated  100%  reflecting  and  the  output  mirror  is  80%  reflecting. 


6 .  Power  Supplies 

The  flashlamps  are  fired  in  parallel  branches  by  a  single  triggered  spark  gap  in  the 
circuit  shown  in  Figure  9,  which  is  similar  to  Aldag[5],  except  that  auxiliary  spark  gaps 
are  used  to  allow  a  DC  simmer.  Without  the  auxiliary  gaps,  the  main  capacitors  AC  couple 
the  flashlamps  and  only  one  lamp  simmers  at  a  time.  The  DC  simmer  supplies  are  shown  in 
Figure  10.  The  two  supplies  are  functionally  equivalent  and  each  provides  -1100  VDC  into 
an  open  circuit.  The  total  energy  into  both  flashlamps  is  given  by  0.11  microfarads  times 
the  square  of  the  high  voltage.  The  usual  1/2  in  the  formula  is  missing  because  0.11 
microfarads  is  available  for  each  of  the  two  lamps.  During  the  interferometer  experiments, 
15KV,  or  25  joules,  is  used.  This  is  near  the  laser  threshold.  When  photographing  the 
laser  pulses,  20  KV,  or  44  joules  is  used.  The  flashlamp  pulse  rise  time  is  about  0.5 
microseconds  and  the  pulse  width  is  about  2  microseconds,  as  monitored  with  a  vacuum 
photodiode  . 


7 .  Mach-Zehnder  Interferometer 

A  diagram  of  the  Mach-Zehnder  interferometer  is  shown  in  Figure  11.  Data  is  taken  for 
both  straight-through  and  zig-zag  paths;  however,  details  of  the  paths  through  the  prisms 
and  the  dye  cells  are  omitted  from  this  figure.  The  dye  cell  path  details  are  the  same  as 
those  described  above  using  prisms  except  the  zig-zag  path  has  only  three  bounces.  The 
input  beam  is  a  5mw,  expanded,  collimated,  red  He-Ne  laser  beam  which  is  masked  to  the 
rectangular  shape  of  the  dye  cell  entrance.  This  is  split  and  passes  through  the  two  dye 
cells  before  being  recombined  with  a  slight  tilt  between  the  recombining  beams  so  as  to 
produce  vertical  fringes  across  the  film  plane  of  the  16mm  Hycara  camera.  The  beams  are 
carefully  collimated  to  minimize  the  effect  of  any  camera  vibration  on  the  fringes.  During 
a  camera  run  the  film  rolls  at  5000  frames  per  second  and  the  lamps  are  flashed  onto  the 
test  cell.  Any  distortion  induced  by  the  flashlamps  is  then  displayed  in  the  fringe 
pattern  and  recorded  on  the  film.  Note  that  the  dye  laser  does  not  lase  during  this 
process  since  the  laser  mirrors  are  removed,  but  the  flashlamps  are  pulsed  as  for  normal 
lasing.  Note  also  that  the  Hycam  camera  contains  an  LED  which  places  lOras  timing  flashes 
on  the  film.  A  photograph  of  the  dye  cell  and  the  duplicate  reference  dye  cell  as  used  in 
the  Mach-Zehnder  interferometer  is  shown  in  Figure  12.  Although  the  reference  cell  has  no 
flashlamps  to  obstruct  the  beam,  turning  prisms  are  still  used  with  the  reference  cell  to 
match  those  used  with  the  f lashlamp-pumped  cell.  The  flashlamp  reflectors  for  the  pumped 
cell  are  shown  pushed  back  to  reveal  the  dye  cell.  The  diffuse  coating  inside  one 
reflector  is  also  visible,  but  the  flashlamps  are  lying  (on  the  platform)  between  the 
reflectors  and  the  dye  cell  and  are  not  readily  seen  in  this  view.  Before  flashing  the 
lamps,  the  reflectors  are  repositioned  against  the  sides  of  the  dye  cell  with  the  lamps 
fitted  through  slots  in  the  plexiglass  holders  which  are  bolted  to  the  ends  of  the 
reflectors.  The  red  He-Ne  laser  with  its  collimating  attachment  can  be  seen  in  the 
background  of  Figure  12. 
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8 .  Mach-Zehnder  Interferometer  Results 

Th-  flashlamp-induced  perturbations  of  the  interferometer  fringe  patterns  are  best 
obser  .  d  by  projecting  the  16mra  film  at  the  standard  24  frames  per  second.  This  was  done 
at  the  conference  for  a  straight-through  path  and  for  a  zig-zag  path.  (The  film  has  also 
been  transfered  to  1"  and  to  VMS  video  tape.)  A  detailed  description  of  the  film  shown  at 
the  conference  follows.  The  first  part  of  the  film  shows  the  straight  path  case  and  the 
second  part  shows  the  zig-zag  case.  The  film  runs  about  3  minutes.  The  film  starts  with  a 
black  leader  showing  only  the  10ms  LED  timing  flashes  on  the  left  of  the  screen.  A  splice 
passes  and  the  before-pulse  (actually  between  pulses)  straight-through  fringes  follow.  The 
fringes  fall  in  a  rectangle  whose  height  is  about  four  times  its  width.  Six  or  seven, 
near-straight  vertical  fringes  are  visible.  All  the  fringes  are  about  the  same  width.  The 
fringes  have  a  general  curvature  of  about  1  fringe  width  where  the  convex  side  points  to 
the  left.  The  fringes  move  left  and  right  slowly,  with  a  somewhat  irregular  periodicity, 
by  about  one  fringe  width  giving  the  appearance  of  a  body  rotating  back  and  forth.  The 
fringes  change  curvature  or  shape  perceptibly  but  by  less  than  a  fringe  width.  Then  the 
flash  from  the  lamp  is  seen  (it  occupies  only  one  frame  of  the  film)  and  the  fringes  are 
violently  disturbed  starting  with  the  next  frame.  The  shape  of  the  fringes  is  virtually 
lost  with  the  structure  becoming  fine  grained  and  irregular  in  both  horizontal  and  vertical 
directions.  A  typical  feature  is  about  1/20  or  less  of  the  width  of  the  rectangle.  A 
rapid  succession  of  violent  pulsations  (in  a  few  ms)  are  followed  by  slower  pulsations 
which  gradually  subside,  with  a  "boiling"  appearance,  almost  back  to  the  prepulse 
appearance  in  about  100ms.  The  first  rapid  pulsations  have  a  noticable  component  of  left- 
to-right  or  right-to-left  or  horizontal-squeezing  motion  associated  with  them.  A  splice  in 
the  film  -passes  and  some  more  black  leader  is  shown--another  splice--and  then  the  before¬ 
pulse  (actually  be tween-pul ses )  ziz-zag  path  fringes  appear.  The  fringes  fall  in  a 
rectangle  whose  height  is  about  two  and  one-half  times  its  width.  The  film  is  somewhat 
over-exposed.  Six  or  seven,  near-straight,  vertical  fringes  are  visible.  All  the  fringes 
are  about  the  same  width  except  perhaps  slightly  wider  at  the  top.  With  the  exception  of 
one  short  fringe  in  the  lower  left  corner,  the  fringes  have  no  general  curvature,  but  there 
is  a  kink  about  10%  down  from  the  top;  a  second,  slightly  larger  kink  is  about  20%  down 
from  the  top;  and  a  third  kink  is  about  10%  up  from  the  bottom.  All  three  of  these  kinks 
are  less  than  about  one  fringe.  There  are  also  about  five  or  six  lesser  kinks  of  about 
one-third  fringe.  All  the  kinks  are  approximately  located  at  equal  intervals  from  top  to 
bottom.  The  fringes  have  the  same  slowly-rotating  motion  as  the  straight-through  case 
except  the  motion  is  about  two  fringes  wide  and  has  more-distinct  changes  in  its 
periodicity.  After  the  flash  from  the  lamp  is  seen  (it  occupies  one  frame),  the  fringes 
react  on  the  next  frame;  however,  the  disturbance  is  much  less  violent  and  it  does  not 
change  the  basic  shape  of  the  fringes.  A  rapid  succesion  of  pulses  with  the  same,  or  a 
closely  similar,  timing  pattern  as  the  straight-through  case  but  with  a  more  pure  left-to- 
right  or  right-to-left  motion  is  seen.  The  motion  appears  to  be  mainly  a  rotation  of  the 
fringes  by  two  or  three  fringe  widths  with  little  distortion  of  the  fringe  pattern.  The 
rapid  pulses  are  followed  by  slower  "boiling"  motions  evident  only  as  changes  in  the  kinks 
of  one  fringe  width  or  less.  These  motions  subside  in  about  the  same  time  as  the  straight- 
through  case,  but  their  magnitude  is  much  smaller.  The  overall  visual  impression  is  that 
the  zig-zag  case  is  much  more  resistant  to  the  disturbance  than  the  straight-through  case. 

9.  Pi scussion  of  the  Interferometer  Results 

Since  the  16mm  frames  are  photographed  200  microseconds  apart  (5000  f/s),  the 
disturbance  observed  would  occur  after  a  laser  pulse  and  some  may  be  associated  with  the 
flow  of  the  dye  solution.  However,  the  film  indicates  that  the  zig-zag  path  is  showing 
resistance  to  the  flashlamp-induced  disturbances  immediately  after  the  pulse  and  later;  one 
can  reasonably  infer  that  the  zig-zag  path  also  resists  disturbances  during  the  pulses  as 
well.  In  addition,  the  observed  effects  are  of  direct  interest  to  prepulse  conditions  in 
the  design  of  repetitively  pulsed  dye  lasers.  Note  that  the  effects  recorded  on  the  film 
are  associated  with  mechanisms  slower  than  the  propagation  of  a  shock  wave.  For  example, 
since  the  speed  of  sound  in  methanol  (at  1  atm  and  25  degrees  C)  is  1103  m/s,  the  crossing 
time  is  given  by  10mm/1103ra/s  =  9.1  microseconds  (or  4.5  microseconds  to  "meet  at  the 
center")  . 


10.  Laser  Spot  Photographs 

Photographs  of  the  laser  spots  are  reproduced  in  Figure  13  for  the  straight-through  path 
and  Figure  14  for  the  zig-zag  path.  The  photographs  are  35mm  time  exposures  of  a  single 
pulse.  The  target,  placed  75  ft.  from  the  laser,  is  a  white  poster  board  with  vertical  and 
horizontal  axes.  Each  axis  is  labeled  at  2"  intervals.  A  dot  with  a  diameter  of  1.4"  is 
located  at  the  center.  The  effective  exit  aperture  of  the  dye  cell  is  13.1mm  x  22mm  for 
the  zig-zag  case  and  it  is  6.80mm  x  22mra  for  the  straight-through  case.  This  complicates 
comparison  of  the  two  spots.  However,  since  the  smallest  dimension,  6.8mm,  is  12,363 
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wavelengths,  the  divergence  due  to  Fresnel  diffraction  is  probably  similar  to  that  for  a 
half  plane  at  each  aperture  edge.  Consequently,  the  difference  in  the  effective  aperture 
widths  should  not  preclude  comparison  of  the  divergence  angles  for  the  two  cases.  The 
divergence  angles  are  computed  from  the  photographs  by  subtracting  the  exit  dimension  from 
the  corresponding  dimension  of  the  spot,  dividing  by  two,  dividing  by  the  target  distance, 
and  taking  the  arctangent.  The  results  are  listed  in  Table  1. 


Table  1.  Divergence  Angles.  The  zig-zag  case  is  based  on  the  center  spot  (see  text). 


zig-zag  horic''ntal  divergence 

1.00  milliradians 
(1.56) 

straight-through  horizontal  divergence 
3.26  milliradians 


zig-zag  vertical  divergence 

1.24  milliradians 
(1.97) 

straight-through  vertical  divergence 
2.57  milliradians 


As  shown  by  Table  1.,  the  straight-through  divergence  is  27%  larger  for  horizontal  than 
vertical.  The  ziz-zag  divergence  is  20%  smaller  for  the  horizontal  than  the  vertical. 
This  indicates  that  the  zig-zag  path  reduce.,  the  horizontal  divergence  compared  to  the 
vertical  divergence.  The  zig-zag  divergence  is  also  significantly  smaller  than  the 
straight-through  case;  however,  the  zig-zag  spot  may  be  under-exposed  and  this  comparison 
is  thought  to  be  less  accurate  than  the  first  comparison  of  horizontal  to  vertical.  The 
corresponding  zig-zag  divergences  computed  from  the  framing  camera  picture  below  (which  is 
probably  overexposed),  are  listed  in  parathensis  in  Table  1.  These  numbers  indicate  that 
the  zig-zag  case  has  52%  less  horizontal  divergence  then  the  straight-through  case.  This 
is  consistent  with  the  first,  ho r izon ta 1 -to- ver t ical  ratio  comparison  above.  The  two  side 
spots  for  the  zig-zag  case  originate  as  described  in  section  2,  and  could  therefore  be 
eliminated  by  a  better  match  between  the  dye-solution  and  the  wall  refractive  index. 
Consequently,  the  side  spots  are  not  included  in  the  size  of  the  zig-zag  spot. 


1 1 .  Framing  Camera  Photographs 

The  framing  camera  photographs  are  shown  in  Figures  15,  16,  and  17.  Figure  15  is  the 
zig-zag  case.  figure  16  is  the  straight-through  case  with  no  prisms.  Figure  17  is  the 
straight-through  case  with  the  bent  flashlamp  and  no  prisms.  Each  framing  camera  picture 
shows  two  exposures  where  the  top  exposure  is  earlier.  Each  exposure  is  200ns  duration  and 
the  two  exposures  are  taken  500ns  apart.  The  target  is  the  same  as  above.  The  extra 
horizontal  black  or  very  white  lines  which  extend  completely  across  the  exposures  are 
electron  shadows  of  the  control  grid  in  the  image  converter  tube  and  can  be  ignored.  The 
straight  through  cases  show  redistribution  of  the  beam  energy  during  a  single  laser  pulse. 
The  first  exposure  of  both  straight-through  cases  shows  a  "diffraction-like"  pattern  but 
only  to  one  side.  The  prism  reverses  the  image,  so  the  pattern  is  on  the  same  side  both 
times.  Since  it  is  only  on  one  side,  and  only  on  the  first  exposure,  it  is  thought  not  to 
be  ordinary  diffraction,  but  perhaps  some  type  of  f lash lamp-i nd uced  beam  wander.  This 
pattern  is  not  seen  for  the  zig-zag  case,  indicating  resistance  to  the  f lashlamp-induced 
disturbance  during  one  laser  pulse. 


1 2 .  Practical  Considerations 

This  design  allows  fine  dust  from  the  barium  sulfate  to  collect  on  the  dye-cell  walls 
which  causes  the  zig-zag  output  to  decrease  from  shot  to  shot  and  to  drop  below  threshold 
after  5  to  10  shots.  This  makes  it  hard  to  control  the  exposure  of  the  pho t'^graphs .  Some 
sort  of  protective  window  or  an  air  blast,  is  needed  to  keep  the  walls  clean.  Since  total 
internal  reflection  is  extremely  sensitive  to  dust,  the  amount  sufficient  to  stop  lasing  is 
invisible.  Also,  the  glue  used  for  this  cell  frequently  leaks.  It  holds  the  walls  in 
place,  but  has  small  leaks  requiring  frequent  repair.  A  more  appropriate  glue  is  needed. 
Alignment  of  the  zig-zag  laser  cavity  is  difficult  with  a  red  He-Ne  laser  due  to  dispersion 
and  absorbtion.  An  orange  He-Ne  laser  is  effective  for  this  purpose.  A  photograph  of  the 
alignment  beam  is  shown  in  Figure  18.  The  beam  is  visible  in  the  dye  by  fluorescencf  and 
at  the  points  of  total  internal  reflection  by  scattering.  It  is  not  visible  in  the  quartz 
wall.  Alignment  of  the  zig-zag  Mach-Zehnder  interferometer  required  three  days  per 
experiment  with  only  three  bounces.  Appreciation  is  expressed  to  Aubrey  Askew  for  aligning 
and  operating  the  system.  He  discoverer  the  dust  problem,  too. 
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All  mot’l  .236’  ±.004'  thick  quartz 
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Abstract 


This  paper  describes  an  extensive  study  of  polymers  as  host  materials  for  laser 
dyes  in  flashlamp- pumped  systems.  The  first  part  of  the  paper  discusses  the  differences 
in  optical  properties  between  polymers  and  conventional  liquids.  In  the  second  part, 
data  are  presented  on  the  laser  performance  of  selected  dyes  in  polymethyl  methacrylate 
(PMMA)  under  flashlamp  pumping.  Finally,  modeling  and  analysis  are  presented  to  explain 
the  observed  differences  between  the  laser  output  in  PMMA  and  in  MeOH/H20. 

Introduction 


The  use  of  polymers  as  host  materials  for  laser  dyes  or  saturable  absorbers  is 
relatively  untapped.  Such  solid  systems  have  the  advantage  of  being  lightweight, 
storable,  inexpensive  to  fabricate  and  safe  to  handle.  For  dye  lasers,  a  major  benefit 
is  that  the  need  for  a  dye-flow  system  (and  its  attendant  complexity)  is  avoided. 

There  have  been  a  number  of  papers  in  the  literature  on  the  performance  of 
dye- doped  polymers  under  laser  pumping. 1-"^  In  the  past  several  years,  much  of  it  has 
appeared  in  the  Russian  and  Japanese  literature . There  is  relatively  little 
information,  however,  on  the  laser  characteristics  of  f lashlamp-pumped  samples. 

The  purpose  of  this  paper  is  to  describe  some  recent  results  that  we  have  obtained  for 
dyes  in  polymers  under  conditions  of  flashlamp  excitation.  The  paper  is  divided  into 
three  parts.  The  first  section  details  the  major  differences  between  polymers  and 
conventional  liquids  as  hosts  for  laser  dyes.  The  next  section  presents  some  results  on 
laser  performance  for  Rhodamine  590  (H590)  and  Coumarin  540  (C540)  in  polymethyl 
methacrylate  (PMMA).  Finally,  we  present  some  modeling  and  analysis  which  indicate 
where  the  problems  lie  in  achieving  laser  output  in  polymer  hosts  which  is  comparable  to 
Chat  obtained  in  conventional  liquid  systems. 

Factors  Affecting  the  Laser  Output  in  Polymer  Hosts 

We  began  by  characterizing  Che  properties  of  several  optical  polymers  for  laser 
applications.  In  comparing  these  candidates  with  liquids,  significant  differences  were 
apparent  in  the  areas  of  near-UV  absorption,  index-of-ref raction  gradients,  bulk 
transmission  losses,  and  differences  in  dye  spectral  properties.  Each  of  these  is 
discussed  in  turn  below. 

Bulk  Absorption  in  the  Near  UV 

Three  of  Che  most  common  optical  polymers  ace  PMMA,  polycarbonate  and 
polystyrene.  All  three  show  significant  absorption  in  the  near  UV.  The  most 
transparent  of  these,  PMMA,  is  opaque  below  about  290  nm.  depending  on  the  thickness. 
This  is  a  problem  for  flashlamp  pumping  of  laser  dyes  because  of  the  high  blackbody 
temperatures  required  for  efficient  lasing  (~  25,000  K) .  At  these  temperatures,  the 
flashlamp  output  is  rich  in  the  UV,  where  most  dyes  absorb  strongly.  The  bulk 
absorption  of  the  polymer  effectively  excludes  pumping  in  these  bands.  In  the  case  of 
MeOH,  for  example,  this  UV  cutoff  is  down  around  210  nm.  depending  on  the  optical  path 
length.  Saturated  polymers  such  as  polypropylene  would  be  expected  to  be  more 
transparent  in  the  UV  than  PMMA,  however  these  materials  have  problems  with  high  haze 
levels  due  to  the  presence  of  microcrystalline  structures.  Even  "clarified" 
polypropylene  is  far  too  hazy  for  laser  applications.  At  present,  this  issue  of  UV 
transparency  is  unresolved  for  the  polymers.  In  a  later  section,  data  ace  presented  on 
the  effect  of  this  bulk  absorption  on  Che  unsatucated  gain  of  the  laser. 

Optical  Homogeneity 

A  second  factor  affecting  the  output  of  solids  versus  liquids  is  that  of 
index-of-ref raction  gradients,  which  ace  much  more  severe  in  the  polymers.  Figure  1 
indicates  schematically  what  we  have  observed  for  both  rods  and  sheets  of  PMMA.  The 
sample  behaves  as  a  thick,  negative  lens  in  which  the  index  gradient  becomes  larger  as 
one  approaches  the  boundaries  of  the  piece.  For  purposes  of  modeling,  we  have 
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approximated  the  index  variation  as  being  parabolic.  The  parameter  "a"  in  the  figure  is 
a  geometric  scale  factor  and  is  a  measure  of  the  homogeneity  of  the  sample.  That  is, 
the  larger  the  value  of  "a",  the  more  homogeneous  the  material.  In  this  paper,  we  will 
discuss  the  rod  geometry  only,  and  the  variable  r  is  the  radial  distance  from  the  rod 
axis . 


It  is  important  to  determine  the  impact  of  this  static  lensing  behavior  on  the 
resonator  design  and  the  ultimate  performance  of  the  tod.  For  this  reason,  we  devised  a 
simple  technique  to  measure  the  parameter  "a”  for  our  samples.  The  setup  is  depicted  in 
Figure  2.  Because  the  rod  is  a  negative  lens,  the  position  of  the  focus  in  arrangement 
#1  occurs  at  a  greater  distance  from  the  positive  lens  than  for  arrangement  #2.  This 
difference  (y-x)  is  used  to  calculate  the  lensing  effect  of  the  tod.  Using  the 
parabolic  model  and  geometrical  optics,  one  can  obtain  formulas  for  i_  and  "a"  in 
terms  of  readily  measurable  quantities.  For  out  specimens,  values  of  "a"  typically  fell 
in  the  range  of  20-30  cm. 

Assuming  a  parabolic  index  variation  for  the  tod,  one  can  determine  the  stability 
regions  for  a  resonator  in  which  the  rod  is  imbedded.  In  Figure  3,  we  present  the 
results  of  such  an  analysis  for  the  symmetric  resonator  in  the  inset.  The  lenses  are 
assumed  to  be  close  to  the  rod  with  the  reflectors  in  turn  close  to  the  lenses.  As  is 
seen  from  the  figure,  the  stable  region  is  bounded  by  the  functions  coth(D/2a)  and 
tanh(D/2a).  As  D/2a  becomes  greater  than  about  2.  the  range  of  values  of  n^f/a  for 
which  lasing  can  occur  becomes  quite  small.  In  view  of  the  dynamic  lensing  that  occurs 
during  pumping,  there  is  a  practical  limit  on  the  length  of  the  rod  that  can  be  lased 
efficiently  in  such  a  resonator.  For  rods  as  long  as  40  cm  and  values  of  "a"  on  the 
order  of  20-30  cm,  it  is  not  difficult  to  find  suitable  regions  in  which  to  work.  The 
labelled  rectangles  within  the  stable  region  of  Figure  3  represent  regions  in  which  we 
have  tested  laser  rods.  The  point  to  be  emphasized  here  is  that  the  homogeneity  of  the 
laser  rod  must  be  characterized  first  and  then  a  resonator  designed  around  it.  Note 
that  a  resonator  consisting  of  flat  reflectors  is  not  stable  for  finite  values  of  "a". 

Experimental  evidence  supporting  the  above  model  is  given  in  Table  1.  The  first 
three  columns  refer  to  the  resonator  used,  with  the  last  giving  the  relative  output. 

The  resonators  are  arranged  so  that  increasing  applied  curvature  runs  downward  in  the 
table.  The  data  show  that  a  minimum  amount  of  applied  curvature  is  needed  before  lasing 
can  be  obtained. 

Table  1.  Effect  of  Resonator  Design  on  Lasing  of  R590  in  PMMA 


RESONATOR 

* 

RELATIVE 

OUTPUT: 

OUTPUT  COUPLER 

MAX  R 

LENSES 

R  = 

0.50 

(FLAT) 

FLAT 

none 

DID  NOT 

LASE 

R  = 

0.50 

(FLAT) 

20  m 

none 

DID  NOT 

LASE 

R  ^ 

0.50 

(FLAT) 

10  ro 

none 

DID  NOT 

LASE 

R  = 

0.60 

(3.12  ro) 

10  m 

none 

0. 12 

R  = 

0.40 

(3.12  m) 

10  m 

none 

0.28 

R  = 

0.25 

(FLAT) 

FLAT 

2,  +250  mill 

0.42 

R  - 

0.50 

(FLAT) 

FLAT 

2,  +250  mm 

l.O 

R  = 

0.75 

(FLAT) 

FLAT 

2,  +250  mm 

0.86 

Bulk  Transmission 

Losses 

Another  factor  which  differentiates  polymer  hosts  from  liquids  is  that  of  bulk 
transmission  losses.  The  presence  of  inclusions  and  bubbles  in  the  polymer  gives  rise 
to  absorbing  and  scattering  of  light  in  excess  of  that  observed  in  liquids.  This  is  not 
a  fundamental  property  of  polymers,  but  rather  represents  what  is  presently  available. 
Out  better  undoped  samples  show  a  bulk  transmission  loss  on  the  order  of  0.5  -  1%/cm. 

We  have  not  been  successful  in  lasing  specimens  with  losses  greater  than  2  or  3%/cm. 
Measured  losses  ate  higher  when  the  dye- doped  tod  is  pumped. 

Figure  4  shows  that  distributed  losses  can  have  a  severe  effect  on  the  measured 
output  of  the  rod.  In  the  figure,  the  extraction  efficiency  u  is  plotted  as  a 
function  of  the  ratio  of  distributed  loss  to  unsaturated  gain  (aQ/go) .  This 
efficiency  is  defined  as  the  laser  output  flux  optimized  with  respect  to  feedback  and 
normalized  to  its  peak  value  (at  zero  loss).  The  relationship  in  the  figure  can  be 
derived  using  a  Rigrod  analysis  as  described  in  reference  10.  Note  that  when 
(oLo/^o^  -  0.5,  the  output  is  down  by  about  an  order  of  magnitude.  Even  when 
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=  0.1.  the  output  is  cut  in  half.  For  convenience,  several  data  points 
generated  in  this  study  have  been  included.  The  solid-phase  results  reveal  an 
extraction  efficiency  which  is  down  by  a  factor  of  three  or  four  compared  with  that  for 
conventional  liquids.  As  will  be  shown  later,  the  problem  resides  both  in  excessive 
losses  and  with  a  decrease  in  gain. 

Differences  in  Dye  Spectral  Properties 

The  last  major  issue  in  comparing  solids  to  liquids  relates  to  differences  in  the 
spectroscopic  properties  of  the  dye  because  of  the  change  of  environment.  The  different 
polarity  will  lead  to  a  solvent  shift  of  absorption  and  emission  bands  (including 
excited-state  spectra).  The  rigid  matrix  of  the  polymer  can  affect  the  fluorescence 
quantum  yield  by  reducing  the  mobility  of  certain  substituent  groups.  The  dynamical 
behavior  may  also  be  affected,  since  the  rates  for  intersystem  crossing  and 
triplet-state  quenching  can  be  different.  A  representative  sampling  of  the  spectral 
data  we  have  obtained  is  presented  in  Table  2.  The  major  item  of  interest  is  the 
difference  in  fluorescence  quantum  yield  between  liquid  solvents  and  PMMA.  In  the  case 
of  the  rhodamines.  there  is  a  slight  decrease.  For  Coumarin  540A  and  Fluorol  555, 
however,  there  is  an  increase  in  going  to  PM4A.  This  is  probably  due  to  the  decrease  in 
mobility  mentioned  above.  All  other  things  being  equal,  these  dyes  should  perform 
better  in  PMMA  than  in  EtOH  or  MeOH. 

Table  2.  Spectroscopic  Properties  of  Selected  Dyes  -  Liquid  versus  Solid  Host 


DYE 

SOLVENT 

ABSORPTION 

^max 

(nm) 

EMISSION 

^max 

(nm) 

•np 

REFERENCE 

R590 

MeOH/H20 

530 

555 

0.93 

This  work. 

PMMA 

533 

556 

0.81 

This  work. 

C540 

MeOH/H20 

470 

510 

0.62 

This  work. 

PMMA 

450 

-  - 

-  - 

This  work. 

C540A 

EtOH 

423 

530 

0.38 

11 

PMMA 

415 

499 

0.98 

12 

F555 

MeOH 

442 

0.68 

13.14 

PMMA 

430 

492 

0.88 

13 

R640 

MeOH 

575 

—  — 

0.94 

12.14 

PMMA 

581 

601 

0.75 

12 

Experimental  Results  on  Laser  Performance  in  PMMA 

In  this  investigation,  two  coaxial  lamps  were  used  for  the  lasing  tests.  The 
experimental  setup  is  depicted  la  rl^i'ire  S.  To  mi^imire  infracavity  losses,  all 
surfaces  exposed  to  ait  were  AR- coated  for  the  appropriate  wavelength  range,  and  an 
index- matching  fluid  was  used  between  rod  and  windows.  Based  on  the  dimensions  of  the 
lamps,  rods  of  18  cm  and  42  cm  lengths  could  be  pumped.  In  both  cases,  the  diameter  was 

0.95  cm.  Because  of  heating  of  the  rods  during  pumping,  all  data  were  taken 

single- shot,  with  adequate  time  between  shots  for  equilibration.  The  energy  input  for 
the  smaller  coaxial  lamp  was  fixed  at  60  J;  the  larger  lamp  was  operated  at  360  J. 

The  usual  testing  procedure  was  to  measure  the  "a"  parameter  for  a  given  rod  as 
described  earlier  and  then  choose  lenses  which  allowed  operation  well  into  the  stable 
region.  A  sample  trace  showing  the  power  output  for  an  18-cm  tod  is  presented  in 
Figure  6.  In  this  case  the  dye  solution  was  Bhodamine  590  in  PMMA  (1.1  x  10-^ 

Moles/lite : ■> .  The  upper  trace  shows  the  current  pulse  through  the  lamp  for  purposes  of 
reference;  '  a  time  scale  is  200  ns/division.  For  this  pulse,  the  measured  output  was 
in  excess  of  50  mJ  with  a  temporal  width  of  300  ns  (FWHM).  Figure  7  shows  similar  data 
at  the  same  sweep  speed  for  a  42-cra  rod.  The  dye  solution  was  Coumarin  540  (C540)  in 
PMMA  at  a  concentration  of  1.4  x  10“^  Moles/liter.  The  energy  output  was  50  mJ  with  a 
pulse  width  of  475  ns. 

An  obvious  issue  in  a  solid-state  dye  laser  is  that  of  degradation  of  energy 
output.  In  the  case  of  the  18-cm  R590  rods,  the  observed  degradation  was  relatively 

graceful.  The  value  of  the  degradation  rate  varied  somewhat  from  rod  to  rod,  but  fell 

in  the  range  of  1.5  -  1.9%/shot.  Typical  data  ate  depicted  in  Figure  8.  in  which  the 
output  was  followed  for  mote  than  two  dozen  shots.  There  ate  strategies  for  extending 
dye  life,  such  as  using  modifying  additives  to  prevent  the  formation  of  free  radicals  in 
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the  vicinity  of  the  dye  molecules.  Gromov  et  al.^  have  reported  some  success  in  this 
area  for  their  laser-pumped  system. 

Knowledge  of  the  degradation  rate  is  important  in  its  own  right,  but  it  also 
allows  correction  of  the  data  for  shot  number.  For  example,  information  on  internal 
lasing  parameters  can  be  obtained  once  the  effects  of  output  degradation  have  been 
corrected  for.  In  particular,  it  is  of  interest  to  extract  data  on  the  distributed  loss 
and  the  unsaturated  gain  for  the  polymer  cods  and  conventional  liquids. 

RigrodiO  has  analyzed  the  case  of  homogeneously  broadened  lasers  with  uniform 
distributed  loss.  In  his  treatment,  he  obtains  an  approximate  expression  for  the  laser 
output  power  as  a  function  of  saturation  flux,  distributed  loss,  unsaturated  gain  and 
mirror  reflectivity.  We  have  used  this  relation  to  obtain  information  on  the  gain  and 
loss  parameters  in  both  PMMA  and  Me0H/H20.  The  basic  procedure  is  to  measure  the 
output  of  the  laser  as  a  function  of  mirror  reflectivity  and  fit  the  results  to  the 
Rigrod  relation.  An  example  of  this  is  given  in  Figure  9.  The  data  ate  presented  for 
R590  in  PMMA  at  a  concentration  of  1.1  x  10'^  Moles/liter .  The  plot  shows  the  energy 
output  as  a  function  of  mirror  parameter  X  =  -In  (n/R).  For  purposes  of  reference. 

X  =  0.35  corresponds  to  a  reflectivity  of  50%;  higher  reflectivities  are  to  the  left  of 
this  point  and  lower  reflectivities  to  the  right.  We  note  that  a  very  good  fit  is 
obtained  for  this  sample  when  the  unsaturated  gain  is  about  11%/cm  and  the  distributed 
loss  is  about  5.5%/cm. 

Table  3  is  a  summary  of  some  of  the  results  that  we  have  obtained  using  this 
approach.  Note  that  the  first  two  cow  entries  correspond  to  R590  in  MeOH/H20.  with 
the  next  three  for  R590  in  PMMA.  For  the  first  four  entries,  the  concentrations  ate 
neatly  the  same,  and  so  meaningful  comparisons  can  be  made.  The  second  column  of  the 
table  indicates  any  special  conditions  or  changes  that  were  made  in  the  composition  of 
the  sample.  The  third  column  reports  the  bulk  transmission  loss  measured  by  passing  the 
beam  from  a  HeNe  or  other  light  source  through  the  sample.  Fresnel  losses  were 
compensated  for  by  measuring  the  transmission  through  different  lengths  of  the 
material.  This  loss  may  be  termed  static  or  small-signal,  since  the  sample  is  not  being 
pumped.  The  next  column  shows  the  dynamic  loss  as  obtained  from  the  fitting  described 
in  connection  with  Figure  9.  This  loss  can  easily  be  higher  than  the  static  one  because 
of  the  onset  of  time-dependent  processes  such  as  triplet- triplet  absorption.  The  last 
two  columns  contain  data  on  the  unsaturated  gain  (obtained  from  the  fitting  procedure) 
and  the  extraction  efficiency  (as  defined  in  Figure  4). 

Table  3.  Summary  of  Gain  and  Loss  Parameters  for  Solid  and  Liquid  Hosts 


DYE  SOLUTION 

CONDITIONS 

SMALL- SIGNAL 
LOSS  (cm-*-) 

DYNAMIC 

LOSS  (cm-1) 

UNSATURATED 
GAIN  (cm-1) 

EXTRACTION 

EFFICIENCY(ti) 

R590  in 

MeOH/H20 
7.5x10-5  M/1 

no  UV 
filter 

-  - 

0.018 

0.  19 

0.48 

R590  in 

MeOH/H20 
7.3x10-5  M/1 

Pyrex  as 

UV  filter 

-  - 

0.012 

0. 11 

0.45 

R590  in  PMMA 
7.5x10-5  M/1 

5  percent 
HEMA 

0.006 

0.028 

0.077 

0. 16 

H590  in  PMMA 
6.8x10-5  M/1 

10  percent 
HEMA 

0.010 

0.034 

0.082 

0.13 

R590  in  PMMA 

1. IxlO-^  M/1 

10  percent 
HEMA 

0.013 

0.056 

0.113 

0.09 

C540  in  PMMA 
1.4x10-'*  M/1 

-  - 

0.010 

0.014 

0.025 

0.06 

Analysis  and  Discussion 

A  number  of  trends  can  be  discerned  immediately.  First,  the  extraction 
efficiencies  of  the  solid  samples  are  comparable  to  each  other,  but  are  a  factor  of 
three  or  four  lower  than  those  for  the  liquids.  These  data  points  are  in  fact  the  ones 
plotted  in  Figure  4.  The  effect  of  the  exclusion  of  the  near-UV  bands  of  the  dye  is 
relatively  pronounced.  When  pyrex  was  introduced  to  filter  out  the  UV  from  the  liquid 
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sample,  the  unsaturated  gain  dropped  from  about  19%/cm  to  about  11%/cm.  In  the  case  of 
the  polymer  host,  the  value  was  found  to  be  about  8%/cm  for  a  comparable  concentration. 

The  dynamic  losses  in  the  PMMA  samples  are  about  twice  as  large  as  those  for  the 
liguids.  These  values  are  also  several  times  larger  than  the  small- signal 
measurements.  Finally,  there  is  experimental  evidence  that  the  dynamic  loss  scales  with 
concentration.  (See,  for  example,  the  data  for  R590  concentrations  of  6.8  x  10“^  and 
1.1  X  10“^  Moles/liter . )  Together,  these  observations  imply  that  there  is  a 
time-dependent  loss,  related  to  the  presence  of  the  dye,  which  is  not  as  pronounced  in 
the  liguid.  An  obvious  explanation  is  that  the  effects  of  triplet-triplet  absorption 
ate  more  severe  in  the  solid  matrix.  This  may  in  turn  be  due  to  one  or  more  of  the 
following:  a  faster  intersystem  crossing  rate,  increased  triplet-triplet  absorption  at 
the  lasing  wavelength,  or  a  reduced  triplet  quenching  rate  in  PMMA.  Since  the  quenching 
of  triplets  in  liquids  is  effected  by  the  diffusion  of  molecular  oxygen  into  the 
immediate  vicinity  of  the  dye  molecule,  triplet  guenching  may  be  inhibited  in  the  solid 
matrix. 

For  dyes  in  which  the  formation  of  triplets  is  not  a  major  issue,  the  dynamic 
losses  may  remain  small.  This  may  be  the  case  for  example  in  C640.  for  which  the 
small-signal  and  dynamic  losses  are  nearly  equal.  This  particular  dye,  however,  has  a 
relatively  low  gain  in  PMMA. 


Summary 

The  principal  results  of  this  investigation  may  be  summarized  as  follows: 

1. )  Index-of-ref raction  inhomogeneities,  if  symmetric  enough,  can  be 

accommodated  by  resonator  design.  Our  modeling  of  resonator  stability  is 
consistent  with  the  experimental  results  to  date. 

2. )  The  ratio  a^/gQ  for  R590  in  PMMA  is  several  times  higher  than  that 

in  MeOH/H20.  This  is  a  major  factor  limiting  efficient  performance. 

3. )  For  our  R590  specimens,  the  value  of  a©  is  dominated  by  time-dependent 

(dynamic)  losses.  A  possible  cause  is  triplet  formation  during  the  pulse. 

4. )  For  a  number  of  dyes  of  interest,  the  fluorescence  quantum  yield  in  PMMA 

is  higher  than  the  analogous  values  in  liquid  solution.  Such  dyes  may 
perform  better  in  PMMA  than  in  EtOH  or  MeOH. 

5. )  Rods  as  long  as  42  cm  have  been  lased  with  a  suitable  resonator. 
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Figure  3  Map  of  the  Stability  Region  as  a  Function  of  Rod  and  Lens  Parameters 
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Figure  7 
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SOLID  HOSTS  FOR  DYE  LASER  RODS  -  PART  1 
CRITERIA  FOR  CHOOSING  A  HOST  MATERIAL 
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CLS-6,  MS  J564 
Los  Alamos,  NM  87545 


ABSTRACT 

This  paper  will  attempt  to  provide  selection  criteria  for  polymers  as  hosts  for  flashlamp-pumped 
dye  laser  rods.  The  properties  of  transparent  polymer  materials  are  compared  with  typical 
inorganic  crystal  and  glass  hosts 


For  some  time  now,  our  group,  at  the  Los  Alamos  National  Laboratory  has  been  interested  in  trying  to  produce  high 
quality  inexpensive  dye-doped  laser  rods.  The  potential  low  cost,  in  volume  production  of  dye-doped  plastic  rods, 
combined  with  the  wide  variety  of  lasing  wavelengths  available  from  dyes  was  the  primary  driving  force  for  this  effort.  The 
applications  have  been  for  both  single  and  multiple  shot  operation,  with  fast  flashlamp  pumping.  In  the  single  shot  case,  if 
the  dye-doped  rod  was  damaged  or  destroyed  after  lasing  once,  this  was  acceptable  as  we  were  trying  to  get  rather  large 
power  outputs  from  the  rods.  Since  we  needed  simple,  inexpensive,  storable  and  compact  systems,  flowing  liquid  dye 
solvents  were  mled  out.  This  left  us  with  the  need  to  find  suitable  dye  hosts  that  were  solids  with  the  necessary  high  optical 
quality.  Organic  polymers,  namely  plastics,  such  as  the  aciy  lies  have  been  looked  at  for  some  time  for  these  sorts  of 
applications  by  other  groups  world  wide. 

As  one  gets  more  deeply  involved  with  the  problem  of  plastic  dye  laser  hosts,  a  number  of  problems  become  apparent 
sooner  or  later.  Aside  from  the  need  for  very  high  optical  quality  in  the  plastic  rods,  one  encounters  problems  with  the 
iidiure  of  plastics  as  a  class,  when  compared  to  inorganic  crystal  and  glass  laser  hosts.  Although  dye-doped  plastic 
materials  may  appear  attractive  at  first  glance  from  a  potential  low  cost  standpoint,  particularly  in  volume  production,  a 
comparison  of  the  physical  properties  of  plastics  versus  inorganic  hosts  leads  to  some  serious  consequences.  If  one  looks 
at  the  coefficient  of  thermal  expansion  and  the  thermal  conductivity  of  plastics  versus  inorganic  glasses  and  crystal  hosts 
(Table  1),  one  sees  that  the  coefficient  of  thermal  expansion  for  plastics  is,  in  general,  one  order  of  magnitude  greater 


TABLE  1. 

PROPERTIBS  or  PRINCIPAL  OPTICAL  PLASTICS 

Acrylic 

Styrene 

NAS 

SAN 

Polycarbonate 

TPX 

ABS 

ADC 

Glass 

Polymethyi 

Poiystrene 

Methyl 

Styrene 

(Lexon) 

Methyipenfen© 

Altyl 

BK  7 

Methacrylate 

( Dyiene) 

Methocryiot© 

AcrylonitrHe 

(Merlon) 

(TPX) 

Digiycoi 

(Lucite) 

(Siyron) 

Styrerr© 

(lustron) 

Corbonaie 

Units 

(Plexiglass) 

(Lustre*) 

Copotymer 

(Tyril) 

(CR  39) 

Rsfroettve  Index,  n 

3nm) 

1  491 

1  590 

1  533-1  567 

1  567-1  571 

1  586 

1  467 

1  538 

1  504 

1  517 

ng(656.3nm) 

1488 

1505 

1  550 

1  563 

1  501 

1  464 

1  501 

1  514 

nf(486 inr") 

1496 

1604 

1575 

1  578 

1  590 

1  505 

1  510 

1  522 

Abbe  Value, 

614 

31 1 

35 

370 

34  5 

114 

56 

646 

Rote  of  CMan9e 

In  Index 

wtm  Tempefotufe 

an/dt 

-8  5 

120 

14  0 

-11  8  to -14  3 

•143 

‘0  3 

Coefficient  of  Linear 

Exronslon 

cm/cm 

6  74  fa  lO’C 

60-0  0 

6  5-6  7 

66-7C 

083 

114 

0  71 

25  to  75»C 

144 

75  to IPS^C 

Oeflectton  Temperature 

Sd^f/mln  264  psi 

‘C 

97 

82 

99  104 

142 

90 

3d''F/mln  66  psi 

’C 

101 

110 

1X 

146 

84 

Recommended  Max 

Cont  Service  Temp 

’C 

97 

82 

93 

79-88 

124 

100 

Thermal  CortductMtv 

Cal^SOr-  crrT’C  ^ 

4  96 

24  33 

45 

29 

4  ^ 

40 

26  6 

Hoje 

% 

2 

3 

3 

3 

5 

12 

3 

lurmnoos  Tronimittartce 

%  Thickness 

97 

88 

90 

88 

89 

90 

79-90  6  93 

909 

3  1  75rnm 

Water  Absorption 

%  immerseo 

03 

02 

015 

02035 

015 

02 

24  hr  fo-  23'’C 

Mold  Shrtnkoge 

% 

02-06 

02  06 

02 

0  2-06 

0  5-0  7 

1  5-3  0 

•  lumrnous  TransfTMttonce  79%,  thickness  6  35mm.  906%,  th  cknes$038lmm 
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for  plastics  than  for  the  inorganic  glasses  and  crystal  hosts.  The  inverse  is  true  for  the  thermal  conductivity  of  plastics 
versus  inorganic  glasses.  The  thermal  conductivity  disparity  of  plastics,  compared  to  many  of  the  single  crystal  inorganic 
hosts  such  as  sapphire  and  the  garnets,  is  even  more  extreme  because  of  the  abnormally  high  thermal  conductivity  of 
these  materials  due  to  lattice  phonon  conduction.  The  change  of  refractive  index  of  plastics  as  a  function  of  temperature, 
dn/dt  (Fig.  1 ),  is  closely  related  to  the  coefficient  of  thermal  expansion.  The  combined  effects  of  these  two  properties,  as  it 
affects  plastic  dye  laser  rods,  is  to  aggravate  the  thermal  stability  problem  by  about  the  product  of  the  dn/dt  and  the  thermal 
conductivity  ratios  as  compared  to  inorganic  glasses  or  crystal  hosts.  The  net  result  is  that  the  optical  thermal  stability  of 
plastic  dye  laser  rods  is  about  two  orders  of  magnitude  poorer  than  inorganic  glass  rods,  approaching  three  orders  of 
magnitude  poorer  than  sapphire. 

The  overall  effect  of  this  very  severe  problem  is  that  unless  dye-doped  plastic  laser  rods  can  be  stored  in  an 
isothermal  environment  for  a  considerable  length  of  time  prior  to  firing  the  flashlamp,  the  optical  properties  of  the  plastic  rod 
will  be  essentially  useless  if  anything  i,lose  to  a  few  times  diffraction  limited  output  is  needed.  In  the  case  of  repetitively 
pulsed  plastic  dye  laser  rods,  the  thermal  effects  would  be  catastrophic. 

A  further  problem  related  to  the  physical  properties  of  plastic  dye  laser  rods  is  the  mechanical  stability  of  the  laser  rod 
and  cavity.  Plastics  are  far  less  rigid  or  stiff  than  inorganic  glass  or  crystal  rods.  Physical  support  under  stress,  vibration,  G 
loads,  etc.  of  plastic  rods  will  be  much  more  of  a  problem  than  conventional  inorganic  rods.  Thermal  gradients  are  apt  to 
cause  rod  bending,  which  will  throw  the  optical  cavity  out  of  alignment.  Plastics  are  softer  and  scratch  more  easily  than 
glass  and  most  crystal  hosts.  About  the  only  advantage  the  plastics  have  to  offer,  as  far  as  physical  properties  are  con¬ 
cerned,  is  resistance  to  mechanical  and  thermal  shock  and  impact  breakage.  Being  organic,  plastics  are  also  subject  to 
photochemical  damage.  In  addition,  the  laser  dyes  will  undergo  photochemical  damage  or  bleaching.  Photochemical 
damage  of  dye  solutions  is  a  problem  in  which  the  chemistry  of  the  dye  and  the  solvent  system  are  synergistically  inter¬ 
related.  Polymerization  without  the  use  of  initiators  is  desirable  to  obtain  the  best  dye  stability.  For  one  shot  applications, 
this  is  not  too  severe  a  problem  if  the  rods  do  not  bleach  in  long-term  storage. 

Probably  more  work  has  been  done  on  acrylic,  PMMA  systems  by  numerous  groups  around  the  world  than  most  other 
plastic  systems  for  dye  laser  rod  applications.  Polymethyl  methacrylate  is  by  far  the  most  common  plastic  in  use  for  optics 
as  it  machines  and  polishes  well,  is  easily  moldable,  has  good  environmental  stability,  and  can  have  good  uv  transparency. 

Acrylic's  optical  transmission  is  better  than  most  optical  plastics  and  can  have  low  light  scattering  if  clean  and  free  of 
particulates  (see  Fig.  2).  The  optical  damage  threshold  if  clean  is  also  quite  good.  The  optical  homogeneity  of  good  quality 
molded  acrylic  optics  is  typically  nearly  two  orders  of  magnitude  poorer  than  good  quality  optical  glass  (see  Table  1). 

Acrylic  optics,  even  in  well  annealed,  have  considerable  stress  birefringence  which  is  hard  to  remove.  Adding  the  correct 
amount  of  a  suitable  plasticizer  can  correct  the  stress  birefringence  but  can  cause  other  problems  such  as  loss  of  uv 
transparency,  and  poorer  mechanical  properties  as  well  as  possible  interactions  with  the  laser  dye. 

PMMA  as  such  is  a  good  solvent  for  the  Coumarin  family  of  dyes  but  is  not  a  good  solvent  for  Rhodamine  or  Kiton  Red 
dyes  which  require  more  polar  solvents.  Dye  triplet  state  formation  is  often  aggravated  in  plastic  host  solutions.  Very 
recently.  Dr.  Rob  Hermes  of  our  Laboratory,  has  produced  some  extremely  fine  quality  acrylic  copolymer  rods  with  good 
solvent  properties,  even  for  dyes  requiring  polar  solvents. 

In  addition  to  PMMA,  we  have  looked  at  a  number  of  other  polymer  systems  as  candidates  for  plastic  dye  laser  rods. 

We  looked  into  some  clear  epoxies,  a  rigid  polyurethane-polyester  copolymer  sold  commercially  by  the  name,  Calthane 
3200,  and  a  number  of  organic  glasses  of  the  glycerol  borate  family.  We  also  ordered  some  samples  of  some  commercial, 
fluorescent  dye  loaded,  extruded,  PMMA  rod  from  Bayer  AG  through  their  U.S.  subsidiary,  Mobay  Corporation.  This 
commercial,  fluorescent,  plastic  rod  and  sheet  is  available  in  seven  colors  from  deep  red  to  violet  and  is  very  inexpensive. 

The  epoxies  had  little  to  commend  them  for  our  application  as  we  had  trouble  with  dye-hardner  interactions,  fairly  poor 
ultra-violet  transmission,  poor  optical  quality,  and  poor  solvent  power  for  dyes  requiring  polar  solvents.  The  Calthane  3200 
looked  somewhat  more  promising  in  that  the  uv  transparency  of  this  matehal  is  quite  good.  We  never  were  able,  however, 
to  get  good  optical  quality  from  this  material  and  the  solvent  power  for  dyes  needing  polar  solvents  was  again  poor.  The 
Bayer-Mobay  commercial,  fluorescent,  PMMA  extrusions  had  two  problems.  The  material  had  both  a  fluorescent  and  a 
nonfluorescent  dye  dissolved  in  the  host  PMMA  and  the  optical  quality  of  the  extrusions  was  very  poor. 

The  family  of  organic  glasses  based  on  borate  esters  of  polyhydric  alcohols  was  rather  interesting  in  that  these 
materials  could  be  produced  with  a  hardness  ranging  from  a  brittle  glass  at  room  temperature  (glycerol  borate),  to  a  high 
viscosity  liquid  at  room  temperature  (propylene  glycol  borate).  The  third  member  of  this  group  is  ethylene  glycol  borate 
which  is  intermediate  in  hardness  or  viscosity  between  the  brittle  giycerol  borate  and  the  syrupy  propylene  glycol  borate. 


339 


These  three  borate  esters  can  be  mixed  together  in  any  proportions  to  temper  the  hardness  of  the  resultant  organic 
glasses.  We  hoped  that  these  organic  glasses  would  be  containable  as  very  high  viscosity  semisolid  glasses  inside  fused 
silica  cylindrical  dye  cells  which  would  behave  like  rigid  dye  rods.  The  severe  T.C.E.  mismatch  between  the  high 
expansion  organic  glasses  and  the  fused  silica  would  be  relieved  by  flow  in  the  organic  glasses.  An  expansion  space  for  a 
bubble  is  needed  to  prevent  cracking  of  the  dye  cell  when  subjected  to  temperature  changes.  The  viscosity  of  the  organic 
glass  is  so  high  as  to  prevent  convection  from  disturbing  the  optical  quality  of  the  laser  medium.  The  glycol  borate  esters 
are  again  poor  solvents  for  dyes  requiring  polar  solvents  but  their  uv  transmission  is  quite  good.  This  exercise  was  not 
successful  for  a  number  of  reasons.  The  most  severe  problem  is  that  these  glycol  borate  esters  seem  to  produce  a  swarm 
of  tiny  gas  bubbles  when  subjected  to  the  intense  light  of  the  xenon  flashlamp  and  these  bubbles  can't  be  removed  from, 
the  optical  path  without  remelting  the  organic  glass  tr  reduce  the  viscosity  to  a  low  value. 

One  other  possibility  came  to  mind  while  we  were  working  on  plastic  laser  rods.  The  severe  problems  with  thermally 
induced  optical  inhomogeneities  in  any  high  T.C.E.  and  low  thermal  conductivity,  plastic  dye  laser  rod  might  possibly  be 
sidestepped  by  making  a  rigid,  bonded,  fiberoptic  bundle,  laser  rod.  This  rod  would  have  a  dye  doped,  higher  refractive 
index,  plastic  core  material,  surrounded  by  a  clear,  undoped,  lower  index,  plastic  cladding  which  constitutes  a  very  thin 
coating  between  the  adjacent  dye  doped  core  fibers.  The  solid  matrix  of  cladding  would  couple  the  pump  light  into  the 
matrix  and  the  individual  dye  doped  fibers  would  be  mode  coupled  to  one  another  by  the  evanescent  wave  penetrating  the 
thin  cladding  between  adjacent  fibers.  This  would  tend  to  prevent  all  the  individual  fibers  in  the  bundle  from  lasing 
unsynchronized  with  one  another  which  would  make  the  entire  fiberoptic  laser  bundle  act  as  a  more  or  less  incoherent  light 
source.  If  the  evanescent  wave  coupling  between  adjacent  fibers  in  the  matrix  works,  the  optical  coherence  should  be 
greatly  improved.  The  partitioning  of  the  laser  rod  into  many  small  lasing  regions,  each  isolated  from  its  neighbor,  except 
for  the  evanescent  wave  coupling,  would  permit  fairly  large  refractive  index  gradients  across  the  cladding  to  exist  without 
disturbing  the  lasing  medium,  which  is  the  individual  high  index  dye  doped  fibers.  Since  each  fiber  is  bounded  by  the 
steep  index  gradient  at  the  core  cladding  interface,  the  laser  light  would  be  trapped  and  confined  to  the  fiber  it  originated  in. 
The  laser  cavity  mirrors  would  have  to  be  in  contact  with  the  cut  and  polished  ends  of  the  laser  fiberoptic  bundle. 

Transverse  pump  light  should  be  well  coupled  throughout  the  bundle.  There  would  be  an  effective  change  in  the  cavity 
length  across  the  width  of  the  fiberoptic  bundle  when  subjected  to  a  temperature  gradient,  however,  to  what  extent  these 
different  coupled  lasers  can  synchronize  with  slightly  different  cavity  lengths  is  unknown  at  this  time. 

Fabrication  of  such  a  structure  although  complicated  might  not  be  as  difficult  to  accomplish  at  a  reasonable  cost  as  it 
may  seem  at  first  glance.  Individual  dye-doped  plastic  fiber  with  a  higher  refractive  index  than  the  clear  cladding  material 
could  be  produced  in  tong  lengths.  The  thin  layer  of  clear  cladding  could  be  applied  as  a  dip  coaling  and  cured  or  dried  by 
solvent  evaporation.  This  thinly  clad  fiber  could  then  be  bundled  and  pressure  bonded,  perhaps  by  warm  isostatic  pressing 
of  warm  extrusion  to  form  the  laser  fiberoptic  bundle.  This  material  could  then  be  cut  to  length,  polished  and  have  the  flat- 
flat  cavity  mirrors  cemented  on  the  ends.  The  cavity  mirrors  may  be  able  to  be  simply  deposited  on  the  polished  ends  of  the 
bundle  by  physical  vapor  deposition  methods  and  further  reduce  the  cost  of  the  fiberoptic  laser  rods.  If  this  scheme  works, 
it  pretty  much  sidesteps  most  of  the  thermal  problems  associated  with  ordinary  plastic  dye  laser  rods.  This  system  could 
possibly  operate  as  a  ring  laser  since  a  curved  optical  path  could  lase  in  a  fiberoptic  bundle.  This  device  might  have  some 
interesting  possibilities. 

Table  1 ,  Figures  1  and  2;  "Optical  Plastics;  Properties  and  Tolerances,"  The  Photonics  Design  and  Applications 

Handbook,  Book  2,  33rd  Edition,  pp  H225-H230  (1987). 
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I^ANCC  IN  PERCENT 


0  1  0  20  30  40  SO  60  70  60  QO  100 

TEMPERA7UK  (“C) 

Figure  1. 

Refractive  index  vs.  temperature  for  poly  methyl  methacrylate. 
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Tnarusmtsslon  rhararferlsHcs  of  principal  optical  plastics. 


SOLID  HOSTS  FOR  DYE  LASER  RODS  -  PART  2 
SOME  EXPERIMENTAL  RESULTS 

George  F.  Erickson,  Staff  Member 
Los  Alamos  National  Laboratory 
CLS-6,  MS  J564 
Los  Alamos,  NM  87545 


ABSTRACT 

This  paper  will  describe  some  of  the  attempts  and  problems  encountered  in  producing  high  quality  polymer 
dye  laser  rods.  Purification  methods  used  on  the  monomer  materials,  curing  agent  problems,  and  gamma 
radiation  curing  are  considered. 


In  the  last  paper,  I  tried  to  give  an  overview  of  the  problems  that  exist  with  polymers  as  hosts  for  dye  laser  rods.  In  this 
paper,  I  will  try  to  be  more  specific  as  to  the  experimental  pitfalls  that  can  occur  and  some  of  our  attempts  to  circumvent 
them. 

Since  much  of  the  effort  by  other  groups  working  on  this  problem  was  concentrated  on  acrylics  because  of  their 
generally  desirable  optical  properties,  we  proceeded  in  this  direction  also.  Our  first  problem  was  to  prepare  some  clean, 
inhibitor  free,  MMA  monomer.  We  used  one  of  the  recommended  procedures  of  solvent  extracting  out  the  inhibitor,  which  is 
usually  a  hydroquinone  type  material,  with  an  aqueous  alkaline  brine  solution.  The  inhibitor-free  MMA  monomer,  which 
then  contains  some  water,  was  dried  over  anhydrous  potassium  carbonate  and  stored  in  a  refrigerator  until  needed.  This 
material  after  decantation  contains  considerable  obvious  suspended  material  which  is  mainly  potassium  carbonate.  Since 
we  wanted  to  work  with  small  batches  at  a  time,  we  were  reluctant  to  set  up  an  elaborate  filtration  system  to  filter  batches  as 
small  as  50  ml  of  MMA  monomer  and  dye  solution  only  to  have  to  clean  up  the  entire  filtration  system  for  another  batch 
using  a  different  dye.  We  felt  that  for  the  initial  trails,  removing  most  of  the  suspended  material  by  using  a  clinical  centri¬ 
fuge  might  suffice  at  least  until  we  saw  how  well  this  method  worked.  Since  we  were  only  using  small  batches  anyway, 

15  ml  polypropylene  capped  centrifuge  tubes  seemed  like  a  good  dual  purpose  container.  The  MMA  dye  solutions  could 
be  spun  in  the  centrifuge  tubes  and  later  cured  in  the  same  tubes.  Castings  of  this  size  would  provide  material  from  which 
one  or  two  small  laser  rods  could  be  machined.  The  centrifugal  cleaning  did  seem  to  provide  quite  particulate  free  material 
with  very  little  effort. 

Our  first  tries  at  polymerizing  some  MMA  monomer  were  done  using  small  amounts  of  benzoyl  peroxide  as  the 
initiator.  This  was  an  unqualified  disaster  as  Fig.  1  will  show.  From  this  first  trial,  we  found  that  peroxide  initiators  can 
bleach  dyes,  that  the  polymerization  exotherm  of  MMA  is  hard  to  control,  even  in  15  ml  quantities  and  that  the  polymeriza¬ 
tion  shrinkage  of  MMA  is  very  large,  like  20%.  We  also  found  out  that  MMA  while  being  a  good  solvent  for  the  Coumarin 
dyes  is  a  poor  solvent  for  dyes  like  RG6  which  require  polar  solvents.  After  some  further  trials  with  PMMA  we  looked  for  a 
polymer  system  which  was  easier  to  work  with  and  had  a  very  low  shrinkage  during  polymerization. 

Our  plastics  sections  at  the  lab  advised  us  that  perhaps  a  rigid  urethane-polyester  copolymer  which  they  liked,  which 
is  available  commercially  by  the  name  of  Calthane  3200,  might  be  worth  a  try.  Calthane  3200  has  low  shrinkage,  a  low 
exotherm,  good  clarity,  can  be  cured  overnight  at  room  temperature  and  is  generally  quite  easy  to  work  with,  except  that 
vacuum  deairing  is  difficult.  Again  Calthane  3200  is  a  good  solvent  for  Coumarin  dyes  and  does  not  seem  to  damage  them 
in  any  way.  However,  it  too  is  not  polar  enough  to  dissolve  much  RG6.  After  considerable  experimentation  with  the 
Calthane  3200,  we  made  a  number  of  castings  in  the  centrifuge  tubes  that  were  freed  of  any  suspended  material  and  any 
tiny  air  bubbles  by  using  the  centrifuge. 

We  gave  some  samples  of  this  material  to  our  optician  to  have  him  cut  and  polish  the  ends  of  the  as-cast  rods  so  we 
could  look  at  the  internal  optical  quality.  Figure  2  shows  a  view  through  the  Calthane  3200  rod  using  a  beam  expanded 
He-Ne  laser.  The  optical  quality  is  so  bad  that  it  was  impossible  to  even  get  a  fringe  pattern  using  the  Zygo  interferometer. 
Looking  through  these  rods  with  the  unaided  eye,  it  was  even  difficult  to  clearly  see  objects  across  the  room.  Although  the 
overall  clarity  of  the  rod  was  quite  good  as  indicated  by  the  amount  of  light  scattering  using  a  He-Ne  laser,  the  index  of 
refraction  striations  inside  the  rod  were  so  severe  as  to  render  the  rod  totally  useless  for  laser  applications.  All  further 
attempts  to  make  good  quality  rods  from  Calthane  3200  were  also  unsuccessful  for  the  same  reason. 
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We  also  tried  to  use  a  colorless  epoxy  system.  The  suggested  material,  DER  332  warm  cured  overnight  with 
Jeffamine  T-403  hardner  produces  clear  castings  with  little  shrinkage.  This  material  also  dissolves  Coumarin  dyes  quite 
well.  We  were  able  to  get  some  R6G  into  this  epoxy  system  by  using  a  trace  of  ethanol  as  a  dye  solvent  before  adding  the 
concentrated  dye  solution  to  the  resin  mixture.  This  resulted  in  an  instant  pH  color  change  in  the  R6G  to  a  nonfluorescent 
unusable  form  as  the  T-403  hardner  is  quite  alkaline.  Changing  to  an  acidic  hardner,  hexahydrophthalic  anhydride 
(HHPA),  allows  the  Rhodamine  to  remain  undamaged  but  the  uv  transmission  of  the  epoxy  is  reduced.  These  epoxy 
systems  even  with  the  amine  hardner  have  a  much  poorer  uv  transmission  than  either  the  PMMA  or  the  Calthane  3200. 
Furthermore,  the  optical  quality  of  these  epoxy  castings  were  not  much  better  than  the  Calthane  3200  ones. 

Using  small  amounts,  up  to  10%  in  the  case  of  PMMA,  of  ethanol  as  a  polar  solvent  addition,  even  if  it  doesn't  inhibit 
the  cure  of  the  polymer  system  is  not  a  long-term  solution  to  the  polar  solvent  problem  in  any  of  these  systems.  The  ethanol 
is  volatile  and  will  slowly  diffuse  out  to  the  surface  of  the  rod  causing  dimensional  changes  as  well  as  the  loss  cf  the  solvent 
needed  to  keep  the  Rhodamine  or  Kiton  Red  in  solution.  Attempts  to  use  less  volatile  polar  solvents  such  as  ethylene  ct 
propylene  glycol  were  unsuccessful  as  the  glycol  was  either  immiscible  in  the  resin  system,  or  inhibited  the  cure.  Ethanol 
merely  acted  like  a  volatile  plasticizer  in  the  PMMA  system. 

We  returned  to  the  PMMA  system  again  with  the  hope  of  curing  the  MMA  monomer  in  such  a  way  as  to  avoid  the  use 
of  initiators,  the  exotherm  problem  and  also  to  circumvent  the  severe  shrinkage  problems.  The  idea  was  to  zone  cure  MMA 
at  room  temperature  from  the  bottom  up  using  a  narrow  ring  of  gamma  radiation  from  a  radioisotope  source.  The  poly¬ 
propylene  centrifuge  tubes  would  be  lowered  at  a  controlled  rate  through  a  ring-shaped  gamma  ray  source  that  is  con¬ 
tained  in  a  lead  shield.  Since  the  free  radicals  produced  by  the  ionizing  gamma  radiation  will  initiate  the  polymerization  of 
the  MMA  at  room  temperature,  the  MMA  monomer  cures  from  the  bottom  up,  taking  up  the  shrinkage  in  a  linear  fashion.  As 
a  matter  of  fact,  the  castings  produced  by  this  radiation  zone  curing  process  actually  expand  slightly,  probably  due  to  the 
swelling  of  the  cured  PMMA  by  the  fresh  MMA  monomer  at  the  zone  curing  interface.  The  radiation  dose  required  to  initiate 
the  polymerication  of  the  MMA  is  on  the  order  of  1 0^  to  1 05  rad,  which  does  not  seem  to  damage  the  dyes  we  have  tried  so 
far.  The  curing  zone  seems  only  to  be  about  a  millimeter  or  so  thick  if  the  source  is  configured  correctly  and  has  the  cor¬ 
rect  gamma  ray  energy  to  just  penetrate  the  sample.  For  the  size  of  these  15  ml  centrifuge  tubes  we  are  using,  the  radio¬ 
isotope  thulium  1 70  seems  to  be  a  good  choice.  Figure  3  taken  from  the  "Chart  of  the  Nuclides”  shows  that  Tm  1 70  is 
easily  made  by  neutron  irradiation  of  natural  thulium  metal  foil  in  a  nuclear  reactor  for  a  few  days.  Tm  1 70  has  a  half-life  of 
129  days  and  emits  a  rather  complex  spectrum  that  consists  of  an  84  keV  gamma  ray  and  a  couple  of  betas  at  0.88  and 
0.97  MeV.  Since  thulium  metal  is  rather  reactive  it  must  be  clad  in  thin  aluminum  to  prevent  shedding  radioactive  thulium 
oxide.  The  Tm  170  source  will  be  in  the  form  of  a  ring,  which  is  about  1  in.  in  diameter  and  0.5  in.  tall.  This  will  allow  the 
caps  of  the  centrifuge  tubes  to  pass  through  the  ring  source  in  the  lead  shielded  irradiation  facility. 

The  other  radioisotope  choice  is  tantalum  182  which  has  a  considerably  more  penetrating  gamma  spectrum  as  seen 
in  Fig.  4.  Ta  182  is  also  easily  made  by  reactor  irradiation  of  natural  tantalum  metal  for  only  a  few  hours.  Ta  182  has  a  half- 
life  of  1 14.5  days  and  has  a  gamma  spectrum  consisting  of  several  gammas  over  1  MeV  as  well  as  tantalum  and  lead  "K" 
line  x-rays  from  the  lead  shield.  Since  tantalum  metal  is  quite  corrosion  resistant,  cladding  of  the  tantalum  metal  tubing  is 
unnecessary  to  prevent  any  contamination  problems.  The  more  penetrating  radiation  spectrum  of  the  Ta  182  source  will 
probably  lead  to  a  thicker  gelling  zone  than  in  the  case  of  the  Tm  170  source  as  the  more  penetrating  Ta  182  radiation  will 
make  it  harder  to  control  the  sharpness  of  the  radiation  zone  inside  the  lead  shield. 

Figure  5  shows  drawings  of  the  radiation  polymerization  facility.  Shown  are  the  stepper  motor  drive  that  turns  a  lead 
screw,  which  will  lower  the  centrifuge  tubes  through  the  ring  radiation  source  contained  in  the  lead  shield  cask.  Figure  5 
also  shows  some  details  of  the  collet  which  grasps  the  top  caps  of  the  centrifuge  tubes.  The  trip  through  the  ring  radiation 
source  should  take  a  few  days  to  a  week  depending  on  the  strength  of  radiation  source.  The  steel  clad  lead  cask  will  weigh 
about  1200  pounds.  This  facility  is  about  complete.  Only  the  pouring  of  the  lead  and  the  machining  of  the  cavity  in  the  lead 
shield  have  yet  to  be  done  plus  the  final  assembly  of  the  parts. 

Figure  6  shows  a  photograph  of  an  early  experiment  using  a  somewhat  weaker  Tm  170  cup  shaped  source  used  to 
cure  some  MMA  containing  a  little  ethanol  as  a  solvent  for  some  Rhodamine.  The  centrifuge  tube,  in  this  case,  was  not 
able  to  be  lowered  through  the  ring  source.  Only  the  bottom  end  of  the  centrifuge  tube  received  the  highest  dose.  This 
sample  was  removed  from  the  source  every  day  and  examined.  Each  day  when  the  sample  was  examined,  the  centrifuge 
tube  was  inverted  and  tne  thickness  of  the  solid-liquid  interface  was  clearly  visible.  These  daily  steps  are  about  1  to  2  mm 
thick  and  are  clearly  visible  in  this  photograph  taken  by  the  fluorescent  light  coming  from  the  Rhodamine  in  the  PMMA.  The 
sample  was  illuminated  by  filtered  uv  light  in  a  darkened  room. 

The  last  thing  that  I  want  to  cover  very  quickly  is  our  attempts  at  making  organic  glasses  from  glycol  borate  esters.  As  I 
mentioned  in  the  previous  paper  these  materials  can  be  made  in  a  wide  range  of  viscosities  or  hardnesses.  They  are 
simply  made  by  boiling  together  the  glycols  and/or  glycerine  mixed  with  boric  acid  in  the  correct  molar  ratios.  The  mixture 
is  heated  in  a  glass  beaker  while  being  constantly  stirred  with  a  magnetic  sti  mg  bar,  until  a  temperature  of  about  265‘"C  is 
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reached.  The  Coumarin  dyes  can  then  be  added  as  the  material  is  cooling  down  but  is  still  a  low  viscosity  liquid.  These 
materials  have  good  uv  transmission  but  are  poor  solvents  for  dyes  like  R6G  or  Kiton  Red  which  need  polar  solvents.  R6G 
and  Kiton  Red  can  be  dissolved  in  these  glycol  borate  organic  glasses  if  a  small  amount  of  unreacted  glycol  is  used  as  the 
dye  solvent.  A  few  drops  of  a  very  concentrated  glycol  dye  solution  can  be  added  to  the  glycol  borate  as  it  is  cooling  down 
while  still  being  stirred.  This  does  work  but  one  runs  the  risk  of  devitrication  of  the  organic  glass  at  a  later  date  if  very  much 
of  the  unesterified  glycol  remains  in  the  glass. 

These  organic  glasses  are  very  moisture  sensitive  and  will  devitrify  and  turn  into  a  white  crystalline  mass  if  not 
completely  sealed  from  contact  with  the  air.  As  1  mentioned  in  the  previous  paper,  these  organic  glasses  seem  to  generate 
a  cloud  of  fine  gas  bubbles  when  subjected  to  intense  flashlamp  light  which  is  a  major  drawback.  This  material  has  to  be 
sealed  inside  a  fused  silica  or  glass  dye  cell  to  provide  mechanical  support  and  moisture  exclusion. 

So  far  our  best  looking  rods  by  far  are  the  PMMA  copolymer  material  produced  by  Dr.  Rob  Hermes.  This  material  is  so 
new  that  we  haven't  had  a  good  chance  to  get  it  to  lase  yet  with  flashlamp  pumping  (see  Figure  7). 

Note  Added  in  Proof:  Since  this  paper  was  presented  at  Lake  Tahoe,  we  have  had  the  opportunity  to  achieve  laser 
action  in  one  of  Dr.  Hermes  PMMA  copolymer  rods  using  flashlamp  pumping. 

I  wish  to  kindly  acknowledge  Dr.  Shen  Shey  of  the  DARPA  Directed  Energy  Office  for  funding  part  of  this  work. 
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Figure  1 .  Runaway  exotherm  of  PMMA  in  an  early  experiment. 


Figure  2.  Shows  poor  optical  quality  through  a  Calthane  3200  rod. 

345 
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Figure  3.  Excerpt  from  "Chart  of  the  Nuclides"  showing  the  nuclear  properties  of  Tm  169  and  Tm  1 70. 
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PLASTIC  IRRADIATION  FACILITY  ASSEMBLY 


Figure  7.  Sample  of  Dr.  Rob  Hermes  new  copolymer  rod. 
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Saturation  Characteristics  ot  U.  Dyes 
for  ps  XeCl  Laser  Pulses 

M.  Watanabe,  A.  Endoh  and  S.  Watanabe 

The  Institute  for  Solid  State  Physics,  The  University  of  Tokyo 
7-22-1  Roppongi,  Minato-ku,  Tokyo  106,  JAPAN 


Abstract 

The  peak  power  of  ITW  was  obtained  in  XeCl  with  the  pulse  width  of  310fs  and  the  ASE 
background  of  less  than  3%.  The  property  of  ASE  was  analyzed  for  different  gain.  Based 

on  this  analysis,  the  ASE  coupling  between  stages  was  completely  suppressed  by  an 
appropriate  spatial  filter  along  with  a  relatively  low  gain  operation.  The  saturation 
characteristics  of  UV  dyes  were  investigated  and  analyzed  for  subpicosecond  pulses.  BBQ  in 
cyclohexane  showed  the  satisfactory  performance  for  a  saturable  absorber  in  contrast  and 
transmission . 

Introduction 


A  multi-terawatt  excimer  laser  is  an  attractive  light  source  for  s 
ionization  and  x-ray  laser  pumping  .  The  development  of  such  a  s 
progress  in  our  Institute  at  a  picosecond  and  subpicosecond  time  reg 
diagram  of  the  laser  system  is  shown  in  Fig.  1.  All  the  amplifiers 
beam  pumped  amplifier  have  been  already  completed.  In  the  initial 
energy  of  350mJ  was  obtained  in  20ps  at  KrF  with  two  wide-aperture  di 
A  synchronously  pumped  mode-locked  dye  laser  was  employed  to  reduce 
subpicosecond  region.  The  amplification  of  subpicosecond  pulses  has 
by  using  a  partial  system  including  two  wide-aperture  amplifiers.  A 
obtained  in  310fs  with  an  amplified  spontaneous  emission  (ASE)  backgro 
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In  this  experiment , the  obtained  output  energy  of  300mJ  was  restricted  by  the  requirement 
for  ASE  to  be  suppressed  to  a  level  of  practical  use.  Spatial  filters  with  suitable  design 
were  proved  to  be  effective  for  suppressing  ASE.  But  in  some  cases,  especially  in  a  double 
pass  configuration  along  with  a  relatively  high  gain  operation  of  amplifiers,  the  use  of  a 
spatial  filter  with  a  low  divergence  angle  is  difficult  due  to  the  limited  distance  between 
passes.  Then  the  employment  of  a  saturable  absorber  is  required  to  decouple  each  pass. 


In  this  paper  we  report  the  operation  of  a  subpicosecond  high  power  laser  system  in  XeCl 
with  an  emphasis  on  the  property  of  ASE  and  the  saturation  characteristics  of  UV  dyes  for 
subpicosecond  pulses,  which  are  desirable  as  saturable  absorbers. 
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Fig.l  Multi-terawatt  excimer  laser  system. 
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Fig. 2  Sc.nomatic  diagram  to  generate 
subp icosecond  pulses  at  308nm. 
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Subpico second  pulse  general ion  at  XeCl 


The  schematic  diagram  to  generate  308-nm  pulses  is  shown  in  Fig.  2.  The  synchronously 
pumped  dye  laser  generated  subpicosecond  pulses  at  616nm.  The  frequency  doubled  output  of 
a  mode-locked  cw  Nd:YAG  laser  (Spectra  Physics  series  3000,  PRF  82MHz )  with  a  fiber  pulse 
compressor  (Spectra  Physics  3690)  was  used  to  pump  the  dye  laser  with  a  pulse  width  of 
typically  3 . 5ps .  Autocorrelation  measurements  showed  the  output  pulse  of  the  dye  laser  to 
have  an  actual  pulse  width  of  320fs  with  some  temporal  wings  present.  The  spectral  width 
was  12. 5A.  A  single  pulse  among  the  pulse  train  was  amplified  in  a  four-stage  dye 
amplifier  chain,  which  was  pumped  by  a  5.5-ns,  25-mJ  XeCl  laser.  Kiton  Red  620  and 
Sulf orhodamine  640  were  used  alternatively  along  the  stages  of  the  amplifier  chain.  The 
growth  of  ASE  was  suppressed  because  the  spectral  gain  peak  of  Kiton  Red  620  is  closely 
positioned  to  the  absorption  peak  of  Sulforhodamine  640.  Malachite  green  saturable 
absorber  dye  jet  was  also  used  between  the  second  and  third  stages.  The  output  energy  was 
130pJ  with  an  ASE  background  of  3%.  The  pulse  width  was  500fs  at  this  stage.  The  output 
was  frequency  doubled  in  a  Imm-thick  B-BaB^O^  crystal  with  an  efficiency  of  18i.  Then,  the 
output  UV  pulses  were  amplified  by  a  two-stage  high  repetition  rate  preamplifier,  which  was 
triggered  by  a  single  thyratron  and  has  active  lengths  of  30cm  and  60cm,  respectively.  The 
longer  laser  had  a  double  pass  configuration  and  the  pulses  were  spatially  expanded  and 
amplified  with  the  cross  section  of  1.5cmx2cm  in  the  final  pass.  The  spatial  filters  were 
inserted  between  each  pass.  A  typical  output  pulse  energy  was  3mJ  with  a  negligible  small 
content  of  an  ASE  background.  The  measurement  of  the  pulse  width  was  made  at  this  stage  by 
the  autocorrelation  method  with  two-photon  ionization  in  tr iethylamine  vapor P-^in  Fig.  3  the 
autocorrelation  trace  shows  a  pulse  width  of  310fs.  Figure  4  shows  that  the  spectrum  of  the 
amplified  pulse  contains  three  of  the  vibronic  components  constituting  the  XeCl  gain 
spectrum . 
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Fig. 3  Autocorrelation  trace  of  amplified 

2 

UV  pulses.  The  sech  pulse  was  assumed. 


Fig. 4  Spectrum  of  amplified  UV  pulses.  The 
0-1,  0-2  and  0-3  components  of  B-X  transition 
were  observed. 


Measurement  and  analysis  of  ASE 

In  the  preliminary  amplification  experiment,  the  first  wide-aperture  amplifier  was  used 
in  a  double  pass  configuration  without  a  spatial  filter  between  passes.  The  input  pulse 
energy  from  the  front  end  was  2 . 5mJ  with  a  pulse  width  of  l.lps.  However.  this  pulse 
accompanied  a  0.4-mJ  ASE  background  because  spatial  filters  were  not  employed  in  the  high 
repetition  rate  preamplifier  stage  in  this  experiment.  The  input  beam  was  expanded  to 
30cm  and  fed  to  the  first  pass.  The  beam  cross  section  was  maintained  in  the  second  pass. 
An  total  output  energy  of  730mJ  was  obtained  at  a  gain  of  6.5?:/cm  but  this  was  dominated  by 
the  considarable  content  of  ASE.  The  ASE  energy  was  SlOmJ,  which  is  2.3  times  larger  than 
the  picosecond  pulse  energy,  while  the  ASE  energy  was  8.5mJ  with  the  picosecond  pulse  energy 
of  51mJ  before  the  second  pass.  Therefore,  the  serious  decrease  in  contrast  of  the 
picosecond  pulse  energy  to  the  ASE  energy  occured  in  the  second  pass. 
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To  understand  the  property  of  ASE,  we  measured  the  dependence  of  ASE  on  cam  iti  the  wide- 
aperture  amplifier.  The  input  pulse  width  was  shortened  to  subpicosecond  and  its  ASE 
background  was  reduced  to  a  negligible  small  value  by  introduction  of  spatial  filtc’rs 
between  each  pass  of  the  high  repetition  rate  preamplifier.  The  ASE  energies  at  different 
gain  are  shown  in  Fig.  5  along  with  the  saturation  curves.  In  Fig.  6  the  relation  between 
ASE  and  gain  is  shown  ^o  be  in  re lat ivel^ . good  agreement  with  the  calculation  based  on  the 
model  of  Ganiel  et  al .  '  The  used  data  ^  are  as  follows,  the  radiation  life  time  in  upper 
state  of  ’_r=40ns,  ^pper  state  life  time  of  Tu=2.5ns,  the  stimulated  emission  cro|s 
section  of  CT  =2.6x10  cm  and  the  resultant  saturation  intensity  of  I  =  hv/  sT- llu  =  0 . 8MW/ cm  . 
The  diameter  and  active  length  are  ?cm  and  80cm,  respectively.  The  fypical  pulse  width  of 
ASE  (  /J t )  was  measured  to  be  40ns.  The  gain  depletion  due  to  ASE  is  proved  to  be 
negligibly  small  in  such  a  relatively  low  gain  region.  Figure  7  shows  the  calculation  in 
the  case  of  small  signal  gain  of  10v,/cm.  The  gain  depletion  is  within  lOd  over  the  almost 
entire  region  along  the  gain  length.  From  this  analysis,  the  ASE  from  the  amplifier  itself 
is  shown  not  to  be  crucial  at  a  relatively  low  gain.  The  most  serious  problem  of  ASE 
occures  in  the  case  where  ASE  originating  from  the  former  stages  is  further  amplified  in 
the  next  stage.  The  serious  domination  of  ASE  in  the  preliminary  amplification  experiment 
is  explained  by  this  analysis.  The  energy  growth  of  ASE  is  much  faster  than  that  of  a 
subpicosecond  pulse  because  the  effective  saturation  fluence  of  ASE,  which  is  defined  by  I  x 
/it^  is  much  higher  than  the  saturation  fluence  of  a  subpicosecond  pulse  (E  ).  The  acceptabfe 
input  ASE  energy  is  severely  limited  by  this  fact.  The  acceptable  input  Asl  energy  is  easily 
estimsted  by  a  simple  calculation.  In  usual  case  ASE  from  the  former  stage  is  amplified  in 
an  unsaturation  region  by  a  factor  of  exp(g„. L),  where  g^  in  a  small  signal  gam  coefficient 
and  L  in  an  active  gain  length.  For  exanole,  if  we  limit  the  final  ASE  output  to  less  than 
30mJ,  then  the  input  ASE  energy  is  limited  to  370pJ  at  a  small  signal  gain  of  5.5'j/cm. 


In  the  multistage  amplification  system  like  Fig.  1,  the  ASE  background  originating  from 
the  former  stages  should  be  completely  suppressed  before  feeding  a  subpicosecond  pulse  to 
the  final  amplifier.  Therefore,  the  use  of  spatial  filters  between  each  amplification  stage 
is  essential,  to  obtained  an  output  pulse  wit.h  good  contrast.  But  in  a  double  pass 
configuration  the  introduction  of  a  good  spatial  filter,  which  is  usually  long,  is  difficult 
due  to  the  limited  distance  between  the  first  and  second  passes.  Then  the  effective 
saturable  absorber  is  required  for  the  another  approach  to  suppress  ASE. 


input  fluence  {mJ/cm') 

Fig. 5  Saturation  curves  and  ASE  energies 
at  different  gain. 


Fig. 6  Calculated  ASE  energy  deper.dence  on  gain. 


Fig. 7  Calculated  ASE  evolution  and  gain 
depletion  in  the  wido-aperturc  amplifier. 
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Saturati.  n  characteristics  of  UV  dyes 


We  investigated  the  saturatic^  characteristics  of  various  dyes  for  subpicosecond  pulses. 
A  schematic  of  the  measurement  is  shown  in  Fig.  8.  The  subpicosecond  pulses  from  the  front 
end  were  spatially  filt'ired  and  focused  by  a  1-m  lens  on  a  1 -mm  dye  cell.  The  input 
fluence  on  the  dye  cell  was  varied  by  changing  the  position  of  the  cell  along  the  focusing 
beam . 

First,  we  measured  the  absorption  characteristics  of  solvents.  The  measurements  were 
carried  ou'  with  three  well-known  dye  solvents  (cyclohexane,  dioxane  and  DMSO ) .  As  shown 
Lri  Fig.  9,  a  rapid  increase  of  absorption  was  obr.erved  in  all  solvents  as  the  fluence 
exceeds  tens  of  mJ/cm  .  Beyond  this  value,  evaporation  occured  in  all  solvents. 
According  to  this  data,  we  used  cyclohexane  as  a  solvent  through  this  experiment.  The 
saturation  characteristics  of  BBQ,  PBD  and  BPBD  in  cyclohexane  are  shown  in  Fig.  10.  All 
dyes  have  the  similar  saturation  fluence.  liBO  in  cyclohexane  shows  the  best  performance 
among  them.  A  transmission  contra- t  of  6.o  was  obtained  with  a  saturated  transmission  of 
55%.  We  compared  saturation  characteristics  of  BBQ  for  short  (subpicosecond)  and  long 
(tens  of  ranosecond,  which  is  a  typical  pulse  length  of  ASE )  pulses.  When  we  assume  a  60- 
ns  pulse  as  a  long  pulsg.und  calculate  the  effective  saturation  fluence  ( ilt  )  from  the 
steady  state  measurement  ,  the  effective  saturation  fluence  ^f  a  long  pulse  is  about  two 
orders  of  magnitude  higher  than  the  saturation  fluence  of  a  subpicosecond  pulse  (E  ).  It  is 
shown  in  Fig.  11  Th'^’-efore,  the  subpicosecond  amplification  system  can  be  operated  at  the 
condition,  where  ASF  is  absorbed  in  an  unsaturated  region  although  a  subpicosecond  pulse  is 
absorbed  in  a  saturated  region. 

The  saturation  characteristics  were  analyzed  by  a  two-level  scheme  with  a  constant 
absc-ption  independent  from  dye  levels.  The  pulse  energy  loss  rate  through  the  dye  sol/ent 
is  expressed  as 
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wl  re  F,  is  the  fluence,  N  is  the  total  population  density  of  dye,hi;is  the  photon  energy  and 
A  J.S  the  constant  absorption  coefficient.  The  first  and  second  term  show  saturation  and 
constant  loss  absorption,  respectively.  The  curve  (a)  in  Fig.  12  is  the  calculation  in 
the  case  of  BBQ  followina  the  above  equation.  If  we  tak  ^  into  accou.it  a  nonlinear  absorption 
of  cyclohexane,  whic*-  .s  shown  again  in  Fig.  12,  we  can  .almost  explain  the  behavior  of  the 
measured  absorption  characteristics  of  BBQ  in  cyclohexane  witti  E  of  1.9mJ/cm  and  A  of 
2.4cm  w’  '  ch  is  shown  as  the  curve  (b)  -n  Fig.  ^,12.  The  same  fitting  was  carried  out  with 
PBD  in  cycxJhexane,  resulting  in  E  of  2.0mJ/cm  and  A  of  3.8cm  ,  respectively.  With  a 
dense  dye  solution  of  3.7^10  M,  the  contrast  ratio  of  transmission  became  about  three  times 
larger  than  that  of  2x10  M  although  the  dicrease  of  saturated  transmission  from  55%  to  38%. 
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Fig. 8  A  schematic  of  the  measurement. 
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Fig.  10  Transmission  of  BBQ,  rsBIi  and  BPBD 
in  cyciohcxano. 


Fig. 11  Transmission  of  BBQ  for  short  and 
long  pulses. 
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Fig.  12  Calculated  transmis.s  ion  of  BBQ  in  cyclohexane 

based  on  a  two-level  scheme  with  a  constant  absorption. 


amplification  in  wide-aper ture  amplifiers 


The  block  diagram  of  the  subpicosecond  amplification  experiment  is  shown  in  Fig.  13. 
The  two  wide-apcrture  amplifiers  have  an  identical  specification  of  an  active  length  of 
80cm,  a  cross  section  of  7cmx7cm  and  capability  of  14J/pulso  as  an  oscillator.  Both  were 
operated  at  a  reduced  gain  level  based  on  the  measured  data  of  A.SF, .  The  beam  from  the 
fron^  end  was  spatially  filtered  and  expanded  to  till  the  almost  entire  cross  section  of 
40cm'  of  the  w  ide-aperture  amplifiers.  The  synchronism  between  each  stage  was  within  Iris 
jitter  and  the  details  will  be  described  elsewhere.  '  The  rail-gaps  of  both  w idc-aper t ui e 
amplifiers  were  triggered  by  a  single  70kV  pulse  generator  which  was  also  triggered  by  a  KrI- 
laser.  The  KrF  laser  was  triggered  by  a  Lhyratron  and  operated  with  an  unstalile  resonator. 
The  synchronism  among  the  entire  system  was  basically  ensurf'd  tiy  the  procisi'  timing  between 
four  l.hyrat  ron-  'I  i  ven  lasers.  The  rolat  i  ve  temporal  relation  of  the  UV  (.git  ical  pulses 
including  suljp  icosecond  [juIsis  and  A.SFs  from  amplifiers  was  always  monitored  on  thi- 
oscillogram  togethei  with  the  trigger  laser  by  a  viombinat  ion  of  UV  fibers  and  a  single 
phototube.  The  oscillogram  at  a  suitable  t  iminq  is  shown  in  Fig.  14(a). 


The  critical  issue  in  short,  pulse  amplil  ical  ion  is  t.o  sut-ipr-  ss  A.ci  ,  as  merit  loned  anove. 
An  abs^^ption  in  gam  rneriiurri  is  not.  a  limit  ing  factor  of  energy  extract  ion  in  disihar:)i 
lasers.  In  this  experiment,  the  spat  lal  filter  which  limit. s  the'  lull  d  i  vit  qerice  aiigb  to 

300ii  radian  was  ■■•mployed  befrjri-  th<'  final  amplif  mi  .  The  transmission  ot  subpi  i  cosceond 

pulsf'S  t  hrongti  'his  spat  lal  filtc-r  was  7(i  -  80  ,  wn  i  1  e  an  /MiF  oi;t;oit  t  i  oim  t  h.  firs’  wide- 
aperture  amp  I  if  mr  w.-is  almost  bloeki.-d  witpii,  a  do|,-.-i  irig  sens  i  '  ivify  of  a  (•  w  fiiiiefrefi 
micro  ]ou  1  s  . 
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The  amplification  char  icter ist ics  in  the  second  wide-aperture  amplifier  are  shown  in  Fig. 
15.  The  laser  was  operated  with  a  gas  mix  of  2.5Torr  HCl,  ISTorr  Xe  diluted  by  Ne  at  4 
atm.  An  output  energy  of  300mJ  was  obtained  for  an  input  energy  of  45mJ.  Then,  the  peak 
power  corresponds  to  ITW  with  the  pulse  width  of  310fs.  An  ASE  background  was  measured  at 
Im  from  the  exit  window  of  the  final  amplifier.  When  the  final  amplifier  was  operated  at  a 
relatively  low  gain  of  4.8?cm/cm.  the  ASE  background  was  reduced  to  less  than  lOmJ,  which 
is  3%  of  the  total  energy.  If  the  final  amplifier  is  operated  at  the  higher  gain  of 
6.5%/cm,  an  output  energy  will  increase  to  400mJ,  while  an  ASE  energy  will  also  increase  to 
30m  J . 


To  determine  the  origin  of  the  ASE,  we  investigated  the  ASE  coupling  between  the  two  wide- 
aperture  amplifiers.  The  explicit  change  of  the  ASE  background  from  the  final  amplifier 
was  not  observed  between  simultaneous  operation.  Fig  14(a),  and  independent  operation.  Fig. 
14(b).  Then  the  main  contribution  of  ASE  in  this  experiment  was  proved  to  originate  from  the 
final  amplifier  itself.  But  in  the  further  critical  condition,  especially  including  a 
double  pass  configuration  and  a  higher  gain  operation,  the  use  of  saturable  absorber,  which 
is  discussed  in  the  previous  section,  is  essential  to  avoid  the  ASE  coupling  between 


passes . 


high  repetition  amp. 
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Fig. 13  Experimental  setup  for  subpicosecond 
amplification. 


amplified  pulse 


ig.l4  Temporal  relation  of  UV  pulses  at 


symultaneous  (a)  and  independent  (b)  operation. 
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Fig. 15  Amplification  characteristics 
of  the  final  amplifier. 
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Conclus ion 


The  peak  power  of  ITW  was  obtained  in  XeCl  with  the  pulse  width  of  310fs.  The  ASE 
background  was  less  than  3%  in  energy.  Based  on  the  ASE  analysis,  the  contribution  of 
ASE  from  the  former  stage  was  completely  suppressed  by  using  an  appropriate  spatial  filter 
together  with  relatively  low  gain  operation  of  the  former  stage.  The  investigation  of 
saturation  characteristics  of  UV  dyes  were  carried  out  for  subpicosecond  pulses.  From  the 
measurement  BBQ  in  cyclohexane  showed  the  satisfactory  performance  for  a  saturable  absorber 
in  contrast  and  saturated  transmission. 

The  similar  amplification  experiment  will  be  done  in  KrF  including  a  23cmx23cm  electron- 
beam  pumped  amplifier,  where  a  mult iterawatt  peak  power  is  expected. 
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A  LONG  PULSE  DURATION,  GOOD  BEAM  QUALITY,  SUPERSONICALLY  "SCANNED  BEAM"  DYE  LASER 
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Abstract 

This  paper  describes  a  new  generic  approach  for  obtaining  an  energetic,  good  beam  qual 
ity,  long  pulse  duration,  laser  pumped  dye  laser  which  avoids  thermal  distortion,  optical 
window  burning,  and  triplet  problems.  A  small  spot  which  is  axially  illuminated  on  the 
face  of  a  wide  dye  cell  with  a  pump  laser,  and  the  axis  of  a  laser  cavity  are  overlapped 
with  a  system  of  fixed  mirrors,  and  scanned  together  across  the  face  of  the  cell  by  means 
of  a  common  rotating  mirror.  This  system  maintains  a  fixed  direction  and  axis  for  the 
incoming  pump  beam,  the  remainder  of  the  cavity,  and  the  outgoing  laser  beam.  The  small 
area  (~  10' ^cm^)  of  the  illuminated  spot  results  in  a  high  cavity  flux  2  MW/cra^)  which 
permits  efficient  energy  extraction.  However,  the  scanning  of  this  spot  over  a  relatively 
large  area  2  cm^)  during  the  total  pulse  duration  greatly  reduces  the  net  local 
fluence,  and  hence,  thermal  distortion,  optical  component  damage,  and  triplet  state 
losses.  Eurthermore,  since  the  lasing  spot  moves  faster  than  the  speed  of  sound,  the  lig 
uid  does  not  have  time  to  expand,  and  acoustic  disturbances  are  left  behind.  Conceptu¬ 
ally.  this  system  is  the  equivalent  of  many  continuously  multiplexed,  small,  independent, 
low  energy  density  lasers,  each  of  which  is  only  pumped  for  a  short  time.  With  this 
approach,  efficient  lasing  occurs  in  a  relatively  large-area,  slow  moving  gain  medium,  and 
f luid- dynamic  heating  is  not  a  limiting  factor  on  waste  heat  disposal. 

Introduction 


The  objective  of  this  work  was  to  obtain  the  requisite  information  for  the  credible 
design  of  a  repped  long  pulse  duration  (~  100  usee),  tunable  pulsed  dye  laser  system 
capable  of  operating  at  significant  power  levels  (~  30  kw  peak,  300  W  average)  with  good 
beam  quality  (~  4  X  DL).  These  performance  criteria  ate  deceptively  difficult  to 
satisfy.  Good  beam  quality,  tunable,  CW  dye  lasets^>2  have  been  known  for  a  long  time, 
however  their  output  is  limited  to  a  few  watts . •  “I  •  ^  The  pulsed  transverse  flow 
flashlamp  pumped  (Mark  V)  dye  laser^  previously  developed  at  AVCO  and  EXXON  for  laser 
isotope  separation  has  met  the  tuning  and  power  capability  requirements.  However,  its 
beam  quality  seriously  degrades  for  pulse  durations  in  excess  of  a  few  microseconds.  The 
most  attractive  option  is  a  laser  pumped  laser  configuration  which  utilizes  one  or  mote 
Mark  V  dye  lasers  operating  in  a  long  pulse  mode  to  pump  an  optimally  designed  good  beam 
quality  dye  cell  system.  Both  the  pump  laser  and  the  dye  cell  present  technical  prob¬ 
lems.  However,  the  pump  laset(s)  can  be  multiplexed,  and  do  not  need  to  have  good  beam 
quality.  This  paper  is  concerned  with  the  dye  cell,  which  has  the  more  demanding 
requ i r ement s  , 


Technical  Issues 

An  examination  of  the  relevant  rate  constants  indicates  that  the  circulating  flux  or 
power  density  within  the  dye/solvent  gain  medium  must  of  the  order  of  2  MW/cra^  in  order 
to  achieve  saturation  and  thereby  avoid  the  losses  associated  with  spontaneous  decay 
within  the  relatively  short  lifetime  of  the  excited  state  dye  molecule  (<  10  ®  seconds). 
This  requirement  for  high  lasing  fluxes,  and  its  companion  requirement  for  high  pump 
fluxes  leads  to  three  potentially  serious  technical  problems  when  pulse  lengths  are 
stretched  to  the  100  microsecond  range,  and  as  a  consequence  the  fluence  in  the  gain  med 
ium  and  on  nearby  optical  components  approaches  100  joules/cm^.  These  problems  involve; 
(1)  Triplet  state  losses,  (2)  Damage  to  optical  components,  and  (3)  Thermal  gradient 
optical  distortion. 

Triplet  State  Losses 

It  has  long  been  recognized,^  that  in  the  absence  of  an  effective  triplet  quenching 
mechanism,  excited  dye  molecules  will  eventually  accumulate  in  triplet  states  and  termi 
nate  lasing  if  the  lasing  pulse  length  is  long  relative  to  excited  state  life  times.  This 
is  not  a  problem  for  very  short  pulse  duration  lasers.  However  it  has.  on  occasion, 
caused  difficulties  with  1  microsecond  pulse  length  systems,  and  could  be  a  more  serious 
problem  for  100  microsecond  systems.  Eortunately,  for  many  of  the  common  dyes,  triplet 
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losses  can  be  controlled  by  the  presence  of  quenchers  such  as  dissolved  oxygen  within 
the  solvent.  Kor  this  reason,  triplet  losses  were  of  secondary  rather  than  primary 
importance  in  determining  our  approach.  (Triplet  losses  were  not  found  to  be  a  signifi 
cant  source  of  difficulty  in  these  laboratory  investigations.) 

Damage  To  Optical  Components 

Kor  conventional  dye  cells,  the  ~  100  joule/cm^  fluences  associated  with  these  long 
pulse  durations  push  the  damage  limits  of  window  and  coating  technology.  Kor  a  given 
fluence.  the  optical  damage  mechanisms  are  a  decreasing  function  of  pulse  duration,  how 
ever  this  ameliorating  effect  has  not  been  found  to  be  adequate  for  CW  dye  lasers  for 
which  it  was  eventually  necessary  to  resort  to  free  jets^-^O  in  order  to  bypass  the  win 
dow  burning  problem.  Unfortunately,  this  free  jet  approach  is  much  less  attractive  (or 
higher  power  lasers  which  require  larger  beam  areas  over  which  the  optical  quality  of  a 
free  fluid  surface  mus<.  be  maintained  for  beam  quality  considerations.  (Because  of  the 
approach  which  we  ultimately  selected,  optical  damage  will  only  be  a  significant  issue  for 
the  pump  laser  .  ) 


Thermal  Gradient  Optical  Distortion 


Thermal  gradients  in  the  gain  medium  constitute  the  dominant  limitation  on  beam  quality 
with  long  pulse  lasers.  These  gradients  produce  local  variations  in  the  index  of  refrac 
tion  which  in  turn  distort  the  wavefront.  The  amplitude  of  the  phase  shift  associated 
with  this  distortion  is  given  by  equation  1. 


AN 


dji  L 
dT 


eq  .  1  ) 


The  amplitude  of  the  phase  shift  measured  in  fringes  AN  is  proportional  to  the  pro 
duct  of  the  temperature  sensitivity  of  the  index  of  refraction.  dn/dT.  and  the  temperature 
variation.  AT.  multiplied  by  L/X.  the  length  of  the  optical  path  within  the  gain 
medium  as  measured  in  wavelengths.  This  phenomenon  was  analyzed  extensively.  It  has  two 
components,  corresponding  to  slow  effects  occurring  on  the  interpulse  time  scale,  and  fast 
intcapulse  effects  occurring  during  the  laser  pulse. 

Interpulse  Thermal  Rffects  ■  The  interpulse  effects  associated  with  residual  heat  in 
the  system  occur  on  a  relatively  slow  time  scale.  They  ate  primarily  of  concern  to  (lash 
lamp  pumped  lasers  where  the  optical  path  lengths  ate  long.  (~  bO  cm),  and  where  differ¬ 
ences  of  as  much  as  .01°C  can  cause  significant  effects.  Fortunately,  these  temperature 
uniformity  requirements  ate  greatly  relaxed  for  laser  pumped  lasers  where  the  dye  cell 
need  only  be  a  few  ram  in  length. 

Intrapulse  Thermal  Kffects  The  principal  technical  difficulty  arises  as  a  consequence 
of  waste  heat  deposition  which  occurs  within  the  active  part  of  the  lasing  medium  during 
the  pulse.  The  resulting  optical  distortion  is  exceedingly  difficult  to  correct  with 
external  optics  since,  with  conventional  dye  cells,  its  amplitude  is  determined  by  the 
time  integral  of  the  pump  power  which  increases  monotonica 1 ly .  I'his  effect  is  described 
by  equation  2  below. 
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It  is  important  to  note  that  the  distortion  amplitude,  AN,  measured  in  fringe 
shifts  does  not  scale  with  optical  path  length.  Instead,  the  terms  involving 
temperature  rise  multiplied  by  path  length  are  replaced  by  a  term  involving  volumetric 
heat  capacity.  pCp,  and  lasing  efficiency,  i,  multiplied  by  the  pulse  duration. 

T,  and  by  the  ratio  of  Fj,  the  intracavily  lasing  flux  (MW/cm"^)  to  the  "0"  of 

the  optical  cavity,  'this  dependence  imposes  a  very  rigid  set  of  boundary  conditions 
since  the  I  lux,  I'j,  must  be  large  enough  to  achieve  saturation,  and  the  cavity  "Q" 
is  limited  by  absorption,  and  by  mirror  and  window  losses.  To  put  this  into 
perspective,  we  estimate  that  a  "conventional."  ef  f  ic  i<.>tit  .  100  usee  pulse 

duration,  laser  pumped  laser,  with  2  MW/em'^  of  circulating  flux,  and  a  "Q"  of  lo  would 
exhibit  30  fringes  of  phase  shift  making  the  attainment  of  1  X  1)1.  beam  quality  highly 
unlikely.  Furthermore,  the  detailed  spatial  distribution  of  the  resulting  distoition 
would  be  difficult  to  control  since  the  dominant  part  of  the  index  of  refraction 
variation  is  dne  to  thermal  expansion,  and  time  d.-piTulent  acous.tic  effects  come  into 

play  once  the  pulse  length  is  long  enough  tor  a  :  .nd  wave  to  iravi'l  a  .listance 

comparable  with  the  system  dimensions. 
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Approach 


We  considered  a  number  of  approaches  including  the  use  of  high  "0"  cavities,  the  use 
of  rigid  wall  dye  cells  in  combination  with  with  very  uniform  waste  heat  deposition,  the 
use  of  water-based  dye  solutions  at  close  to  0"C  where  the  coefficient  of  expansion  is 
very  small,  the  use  of  high  speed  jets  as  with  CW  dye  lasers,  and  finally  the 
multiplexing  together  of  a  large  number  of  acceptable  beam  quality  short  pulse  duration 
lasers.  The  high  "Q"  approach  involves  lowering  the  gain  per  pass,  and  was  rejected 
because  of  absorption  in  the  dye  solution  as  well  as  because  of  optical  component 
limitations.  The  rigid  wall  dye  cell  approach  was  rejected  as  being  unrealistic  in  its 
spatial  energy  deposition  uniformity  requirements.  The  water  based  dye  solution 
approach  was  rejected  because  the  available  dyes  exhibited  poor  efficiency,  lifetime, 
and  solubility  in  these  solutions.  The  high  speed  jet  approach  works  for  low  power  CW 
lasers  where  the  spot  sizes  are  small,  so  that  the  optical  smoothness  requirements  of 
the  fluid  surface  are  reasonable,  and  a  combination  of  diffusion  and  flow  at  a  modest 
speed  can  serve  to  remove  excess  heat.  It  does  not,  however,  scale  to  larger  area  spots 
where  thermal  diffusion  would  be  negligible,  and  where  the  requirement  for  increased 
flow  speeds  leads  to  excessive  viscous  heating  of  the  fluids.  The  multiplexing  of  dis¬ 
crete  individual  short  pulse  lasers  can  be  accomplished  with  rotating  mirrors,  however 
it  rapidly  leads  to  unacceptable  system  complexity. 

The  "Scanned  Beam"  Dye  Laser 


Genetic  Concept 

Although  it  might  have  been  possible  to  achieve  our  objectives  by  some  combination  of 
the  above  approaches,  a  mote  promising  generic  option  involved  replacing  the  fluid  flow 
method  of  heat  removal  with  an  approach  wherein  the  optical  axis  of  the  laser  is  moved 
through  the  fluid  at  speeds  in  excess  of  the  speed  of  sound  in  the  fluid  by  means  of  a 
single  rotating  mirror.  This  novel  scheme,  which  is  illustrated  in  Figure  1,  also  over 
comes  the  triplet  and  optical  damage  limitations,  and  is  the  conceptual  equivalent  of 
several  hundred  continuously  multiplexed,  small,  low-energy  density,  independent  lasers 
each  of  which  is  only  pumped  for  a  fraction  of  a  microsecond. 

Referring  to  Figure  1,  we  see  that  a  small  spot  which  is  axially  illuminated  on  the 
face  of  a  wide  dye  cell  with  a  pump  laser,  and  the  axis  of  a  laser  cavity  are  overlapped 
with  a  system  of  fixed  mirrors,  and  scanned  together  across  the  face  of  the  dye  cell  by 
means  of  a  single  common  rotating  mirror.  This  system  maintains  a  fixed  direction  and 
axis  for  the  incoming  pump  beam,  for  the  remainder  of  the  cavity,  and  for  the  outgoing 
laser  beam.  This  is  accomplished  by  locating  the  rotating  mirror  surface  at  the  center 
of  curvature  of  the  rear  mirror.  The  use  of  a  small-area  (~  10-2cm'2)  illuminated 
spot  on  the  dye  cell  leads  to  high  cavity  fluxes  {-  2  MW/cm^)  which  permit  efficient 
energy  extraction.  However,  the  scanning  of  this  small  spot  over  a  relatively  large 
area  (~  2  cm^)  during  the  total  pulse  duration  greatly  reduces  the  net  local 
fl”ence,  and  hence,  both  thermal  distortion,  and  optical  component  damage  as  well  as 
triplet  state  losses.  At  any  fixed  location  on  the  dye  cell,  the  total  dwell  time  of 
the  illumination  is  only  about  1/3  of  a  microsecond.  Since  the  lasing  spot  scans  the 
dye  cell  at  speeds  in  excess  of  the  speed  of  sound,  the  liquid  does  not  have  time  to 
expand  ahead  into  the  fresh  dye  solution  and  acoustic  disturbances  are  left  behind. 
Furthermore,  since  the  "Scanned  Beam"  dye  laser  is  a  quasi  steady  state  device,  any 
remaining  intrapulse  thermal  distortion  is  proportional  to  the  instantaneous  power  level 
rather  than  to  its  time  integral  from  the  beginning  of  the  pulse.  To  the  extent  that 
the  power  is  constant, any  remaining  thermal  distortion  is  therefore  mote  easily 
corrected  with  external  optics.  The  relatively  poor  beam  quality  pump  laser  output  is 
aligned  with  the  fixed  external  part  of  the  resonant  cavity,  which  defines  the  lasing 
axis,  and  focused  into  a  small  spot  on  the  dye  cell  with  low  f  number  optics.  Figure  1 
shows  the  beams  combined  with  a  pierced  mirror,  however  they  can  also  be  combined  with 
dichroic  optics,  and  they  need  not  be  paraxial. 

Experimental  Configurations 

Figures  2  and  3  illustrate  two  experimental  configurations  which  were  investigated  in 
this  laboratory.  The  thin  20  cm  wide  transverse  flow  dye  cell  shown  in  Figure  4  was 
available  from  previous  unrelated  experiments.  Figure  S  shows  the  remainder  of  the 
apparatus.  For  the  initial  experiments,  a  100  Hz  rotating  mirror  assembly  designed  for 
laser  printer  applications  was  purchased  from  a  commercial  source.  It  worked  as 
received,  but  was  subsequently  modified  by  the  addition  of  coated  optics.  The  timing  of 
the  pump  laser  was  controlled  by  a  delay  generator  triggered  by  a  He  Ne  laser  beam  which 
was  bounced  off  of  the  rotating  mirror.  As  expected,  our  results  were  completely 
insensitive  to  the  location  of  the  small  ( -  l  mm)  lasing  spot  on  the  surface  of  the 
relatively  wide  (-  20  cm)  dye  cell.  The  spot  whose  dimensions  and  location  were 


358 


determined  by  the  imaging  ot  the  pump  beam  aperture.  Hepre-sentat ive  system  parameters 
are  given  in  Table  1  below  which  contains  some  limited  information  on  the  pump  laser  as 
well  as  on  the  dye  cell  output. 


TABLE  1.  REPHESENTATIVE  SYSTEM  PARAMETERS 


PUMP  LASER  (608  nm) 

o  Elashlamp  Pumped.  Transverse  Flow  Dye  Laser 

o  Coumarin  604  in  60%  MEOH/60%  H^O  { 3  x  10  ^  M/S) 

o  260  mJ  in  a  2.6  us  Pulse  (100  kW) 

(By  End  of  Program,  Long- Pulse  Operation  Extended  to  60  us  at  100  kW  Power 
Leve 1 ) 

DYE  CELL  OUTPUT  (670  nm) 

o  End  Pumped  (Depth  Varied  from  2  to  6  mm) 

o  Rhodamine  690  in  60%  MEOH/60%  H2O  (9  x  10  M/l) 

o  Temporal  Output  of  Dye  Cell  Tracks  Pump  Beam  over  Times  >>  Dwell  Time 


Cavity  Optics  -  In  the  Edge  Coupled  Configuration  (see  Figure  2),  the  resonant  laser 
feedback  was  provided  by  the  relatively  small  fraction  of  the  total  radiation  that 
passed  through  a  small  hole  in  the  beam  combining  mirror,  and  the  primary  output  was 
derived  from  the  light  that  is  reflected  from  the  feedback  mirror.  In  the  Stable 
Resonator  Configuration  (see  Figure  3),  the  feedback  was  provided  by  the  coherent  tuned 
diffraction  from  the  grating,  and  the  output  was  provided  by  the  zero  order  reflection 
off  of  the  grating.  In  an  alternative  untuned  stable  resonator  configuration,  we  used  a 
partially  reflecting  output  mirror  as  the  feedback  element.  Optimum  performance  was 
obtained  when  the  cavity  lenses  were  located  at  positions  corresponding  to  those  situa¬ 
tions  in  which  the  lasing  spot  on  the  dye  cell  was  almost  exactly  focused  back  on 
itself.  This  is  a  conseguence  of  the  very  small  spot  size  at  the  dye  cell,  and  the 
large  distance  to  the  first  lens  in  the  cavity  optics  system,  and  is  in  essential  agree 
ment  with  the  results  of  a  mote  detailed  gaussian  wave  front  calculation.  The  image  of 
the  lasing  spot  was  greatly  magnified  at  the  feedback  point,  a  necessary  criterion  for 
avoiding  optical  damage  to  the  feedback  element  due  to  excessive  fluence. 

Pump  Laser  Although  the  beam  fluence  was  insufficient  to  burn  the  pump  beam  aper 
tute,  it  was  demagnified  (~  4  X),  and  intensified  (~  16  X),  by  the  pump  beam  imaging 
optics. when  focused  into  a  spot  on  the  dye  cell.  For  the  purpose  ot  these  studies,  the 
Mark  V  pump  laser  operated  in  a  repped  mode,  and  typically  delivered  100  kW  pulses  of 
three  to  eight  microseconds  duration.  Fifty  microsecond  pulses  were  obtained  from  a 
Mark  V  laser  in  a  separate  series  of  experiments,  but  the  resources  were  not  available 
to  combine  these  two  elements.  It  is  important  to  note,  however,  that  even  a  three 
microsecond  pulse  duration  is  very  long  in  comparison  to  the  total  illumination  time  for 
a  spot  on  the  dye  cell  which  is  approximately  1/3  of  a  microsecond.  Furthermore,  it  was 
observed  that,  in  every  case,  the  temporal  profile  of  the  dye  cell  output  closely 
tracked  the  temporal  profile  of  the  pump  laser  indicating  that  steady  state  operation  of 
the  dye  cell  had  been  achieved. 


Experimental  Results 

Baseline  Experiments  Figure  6  displays  the  results  ot  a  series  of  measurements  per 
formed  with  the  Edge  Coupled  Configuration  (see  Figure  2)  which  related  the  output  power 
and  conversion  efficiency  to  the  dimensions  of  the  lasing  spot  as  determined  by  the  pump 
beam  optics.  These  results  were  obtained  with  a  2  mm  depth  dye  cell  containing  a 
7x10  ^  molar  concentration  of  Rhodamine  690  dye  dissolved  in  a  60  60  methanol  water 
solvent  mix.  I'hey  have  been  corrected  for  losses  occurring  in  uncoated  output  optics, 
and  clearly  demonstrate  efficiencies  in  the  range  of  40%.  'I'he  overall  results  of  these 
investigations  are  summarized  in  Table  2,  which  presents  typical  performance  data  for 
the  scanned  beam  laser.  initial  tuning  investigations  were  undertaken,  however  the 
results,  which  were  preliminary,  ace  not  presented  here. 

I'AHLE  2.  SCANNED  BEAM  l.ASER  PERFORMANCE 


100  kW 
2.6  J/cm/ 

2.6  X  lo‘>  cm/sec  (  2  x  Sonic  Velocity) 

0.08  cm  ( do  r  i  zon  t.  a  1  )  x  0.16  cm  (Vertical) 
0.0128  cm*^ 

7.8  MW/cm^ 

0.(2  pc, 
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RUMP  BEAM  AT  DYE  CEI.L 
Input  Power 
Beam  F I uence 
Scan  Veloc i Ly 
Beam  Size 
Beam  Area 
Beam  Flux 
Dwe  1  1  T  i  me 


TABLE  2. 


SCANNED  BEAM  LASER  FEKEOKMANCE  (Continued) 


OUTPUT  BEAM 

Beam  Eluence 

Cavity  Length 

Size  at  Dye  Cell 

Size  at  Rotating  Microc 

Ef  f ic iency 

Edge- Coupled 
Stable  Resonator 
Output  Power 
Edge- Coupled 
Stable  Resonator 
Beam  Quality 


2.0  J/cm2 
660  cm 

0.08  cm  (Horizontal)  x  0.16  cm  (Vertical) 
~  1-1.5  cm  Diameter 

40-50  Percent  (Broad  Band) 

30  Percent  (Broad-Band) 

40-50  kW  (Broad-Band) 

30  kW  (Broad-Band) 

~  2.5  X  DL  (Horizontal) 

~  5  X  DL  (Vertical) 


Scan  Velocity  Effects  -  The  effect  of  scan  velocity,  as  shown  in  Figure  7,  was  particu 
larly  interesting.  Because  of  the  long  length  of  the  optical  cavity,  this  laser  was 
unusually  sensitive  to  the  optical  quality  of  the  gain  medium.  The  observed  correlation 
between  the  onset  of  lasing,  and  the  condition  when  the  scan  velocity  exceeds  the  sonic 
velocity  in  alcohol  water  mixes  (Which  was  characteristic  of  all  out  data.)  is  strong 
evidence  for  the  basic  validity  of  the  generic  scanned  beam  concept  for  controlling  intra¬ 
pulse  optical  distortion  of  the  gain  medium.  The  observed  dependences  on  scan  velocity 
and  spot  dimensions  were  in  tough  agreement  with  a  crude  model  which  relates  lasing  effi¬ 
ciency  to  the  fraction  of  the  spot  area  which  was  unperturbed  by  shock  waves. 

Beam  Quality  Measurements  -  The  beam  quality  was  evaluated  in  a  series  of  fatfield 
measurements  which  determined  the  fraction  of  a  focused  beam,  as  projected  by  a  telescope, 
that  passed  through  a  slit  of  a  given  width,  located  6  meters  away  from  the  source.  The 
results  which  ate  shown  in  Figure  8,  were  obtained  with  a  dichroic  mirror  in  place  of  the 
apertured  combining  mirror.  The  dotted  vertical  line  corresponds  to  4  X  DL .  The 
horizontal  and  vertical  dimensions  were  treated  separately,  and  the  beam  size  was  taken  to 
be  that  dimension  through  which  90%  of  the  full  beam  was  transmitted.  The  hypothesis  that 
the  spatial  quality  of  the  beam  is  determined  primarily  by  the  size  of  the  source  was  con¬ 
firmed  by  far  field  observations  in  which  a  reduction  of  the  spot  height  from  1.6  ram  to 
0.8  mm  improved  the  beam  quality  in  the  vertical  direction  from  4.5  X  DL  to  2.9  X  DL 
without  producing  changes  in  the  horizontal  beam  quality. 

Summary  and  Conclusions 

The  data  obtained  clearly  demonstrate  the  concept  of  the  "Scanned  Beam"  Dye  Laser. 

This  genetic  concept  has  enabled  us  to  overcome  the  problems  of  window  damage,  thermal 
distortion,  and  triplet  state  accumulation  that  have  previously  limited  the  power  and  beam 
quality  of  long  pulse  tunable  laser  devices.  The  close  temporal  tracking  observed  between 
pump  and  output  pulses  for  times  long  compared  to  the  dwell  time  of  the  lasing  spot  demon¬ 
strates  the  establishment  of  the  quasi-steady  state  condition  which  produces  long  pulse 
capability.  The  dependence  of  performance  on  scan  velocity  (see  Figure  7)  dramatically 
demonstrates  the  control  of  acoustic  disturbances  in  the  gain  medium. 

Energy  conversion  efficiencies  of  up  to  50%  were  obtained  at  the  50  kW  peak  power  out 
put  level  with  the  untuned  edge- coupled  configuration.  This  configuration  appears  to  be 
superior  to  the  stable- resonator  conf iguratic n. 

Good  beam  quality  (~  4  X  DL)  is  achievable  for  the  duration  of  the  pulse.  However, 
the  farfield  results  indicate  that  further  increasing  the  size  of  the  spot  in  order  to 
increase  the  power  level  above  50  kW  will  involve  some  compromises  in  beam  quality. 
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Laser  Performance  of  Scanned-Beam  Dye  Cell  in  Edge-Coupled  configuration 


Dependence  of  Performance  on  Supersonic  Beam  Sweep  Velocity  Demonstrates 
Principles  of  Scanned  Dye  Cell 
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BEAM  DIVERGENCE  THEORIES  FOR  PRISMATIC  PULSED  DYE  LASERS 


F.  J.  Duarte 

Photographic  Research  Laboratories  -  Photographic  Products  Group 
Eastman  Kodak  Company,  Rochester,  NY  14650 


Abstract 

Simple  beam-divergence  geometrical  theories  are  compared  with  a  complete 
transfer-matrix  approach.  A  generalized  transfer  matrix  for  a  typical  intracavity  laser 
multiple-prism  beam  expander  is  derived. 


Introduction 

Return-pass  linewidth  estimates  in  multiple-prism  dye  lasers  use  the  expression 
AX  =  AS  O0/3X)~^,  where  the  differential  term  refers  to  the  total  dispersion  provided  by 
the  tuning  elements  in  the  cavity,  and  Afl  is  either  calculated  assuming  Gaussian-beam 
propagation  or  obtained  from  measurement.^  The  usual  approach  to  calculate  AS  is  to 
employ  the  geometrical  expressions  derived  by  Littman  and  Metcalf.^  In  this  paper  we 
derive  a  generalized  transfer  matrix  for  an  intracavity  multiple-prism  laser  beam 
expander.  This  result  is  then  applied  to  a  double-prism  dye  laser  oscillator  using 
typical  geometrical  dimensions.  The  overall  transfer-matrix  result  is  then  compared  to 
the  divergence  estimates  using  the  Littman  and  Metcalf  approach.  We  conclude  that  present 
uncertainties  in  measurement  do  not  allow  a  distinction  between  the  slight  differences 
between  the  two  theoretical  methods. 


Theory 


The  approach  of  Littman  and  Metcalf^  involves  a  convolution  of  the  entrance  (ASj^)  and 
the  exit  (Ae2)  slit  function.  For  the  case  of  a  cavity  length  (d)  much  greater  than  the 
Rayleigh  length, 

=  [(X/(jr  w))2  +  {w/d)2]^  =  (w/d)  [1  +  {d/Lp)2]''f  (1) 


where  Lp  =  (it  w^)/X,  and  w  is  the  beam  waist  at  the  dye  cell.  It  can  be  easily  seen  that 
under  these  conditions  (d/Lp  >>  1)  this  equation  can  be  approximated  to  the  well  known 
far-field  expression 

A5  s  =  X/(x  w)  (2) 

For  the  case  of  d  <<  Lp,  it  is  shown  in  Ref.  2  that 

AS  =  [(w/d)2  +  (w/d)2]‘^  =  [(X/2)/(x  w)](Lp/d)  (3) 


which  reduces  to 

M  =  (X  t/2)/(ir  w)  (4) 


for  Lp  =  d. 


The  ray  matrix  approach  for  a  simple  mirror-end  cavity  incorporates  the  expression  for 
the  beam  size  at  a  distance  from  the  aye  cell 
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(5) 


w(B)  =  w  [A^  +  (B/Lr)2]*^ 
where  the  transfer  matrix  is  given  by 


A 

B 

1 

X 

C 

D 

0 

1 

U  J 

L  J 

If  we  consider  a  very  thin  dye  cell  with  the  output  mirror  quite  close  to  the  cell,  we 
obtain 

=  w(B)/B  =  (w/Lj^)  II  +  (Lp/B)2]^ 
thus,  using  B  =  x  and  d  =  x,  we  obtain 

AO  =  [(w/d)2  +  {w/Lp)2  (1  +  (LR/d)2)]'^  =  (w/Lp)  [(Lj,/d)2  +  (1  +  (LR/d)^)]''?  (7) 

for  d  >>  Lj^,  the  far-field  divergence  is  given  by  A6  a  \/(it  w)  ,  as  before.  For  d  <<  Lfj 


Ae  a  [(V2)/(ir  w)  ]  (Lj^/d) 

which  is  the  Littman  and  Metcalf^  result.  For  the  case  of  Lj^  =  d 


(8) 


Ae  =  [  {  >t/3)/{  JT  w)  ]  (9) 

which  differs  slightly  form  to  the  well  known  geometrical  result. 


Now,  we  consider  a  narrow-linewidth  hybrid  multiple-prism  grazing-incidence  (HMPGI) 
oscillator  of  the  type  shown  in  Fig.  1.  For  the  prismatic  beam  expander  the  single-pass 
transfer  matrix  can  be  derived  utilizing  the  analysis  for  tilted  interfaces  introduced  by 
Turunen^  and  Tache.^  For  the  case  of  right-angle  prisms  oriented  for  orthogonal  beam 
exit,  as  used  in  intracavity  laser  beam  expanders,  the  matrix  can.be  written  as 


A  B 

k 

C/(k  n) 

C  D 

0 

1/k 

where  k  is  the  expansion  coefficient,  Q  the  path  at  the  prism  and  n  the  refractive  index. 
This  result  can  be  extended  to  a  practical  multiple-prism  beam  expander  composed  of  r 
prisms  separated  at  a  uniform  distance  D.  Assuming  an  equal  path  length  at  each  prism, 
the  resulting  matrix  becomes 


A 

B 

’  n  >^m 

m=l 

r  r  m  2  2  ' 

(C/n)[  n  k^,  £  (  n  k-)  ]  +  [  n  k^  z  (  n  k.)  ]d 

m=l  m=l  j  =  l  m=l  m=l  j=l 

C 

D 

0 

r  -1 

(  n  k^) 
m=l 
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Dye  cell 


Fig.  1  Schematics  of  the  hybrid  multiple-prism  grazing-incidence  laser-pumped 
dye  laser  oscillator  considered  here.  In  these  experiments  the  distance  between 
the  dye  cell  and  the  first  prism  was  ~  Lj^  (from  Ref.  7). 


Here,  the  overall  prismatic  magnification  is  given  by^  M  =  n  k^,  and 

m=l 

=  (cosi/'2  ''here  m  angle  of  incidence,  and  ^  the  corresponding 

angle  of  refraction!  '  ' 


For  a  double-prism  expander  where  k^  =  k2  and  M  =  k-^  k2,  the  ray  matrix  at  the  plane  of 
incidence  is  given  by 


A  B 

M 

(C/n)  [1  +  (1/M)]  +  D 

C  D 

0 

(1/M) 

Thus,  the  Gaussian  beam  at  a  distance  x  from  the  expander  (that  is  located  at  a  distance  L 
from  the  dye  cell)  is  given  by 


w(x)  =  w  [M^  +  (B/Lp)2]'? 

(13) 

where 

B  =  [ML  +  D  +  (C/n)  +  (C/nM)  +  (x/M)] 

(14) 

hence 

w(x)  =  w  M  [1  +  {[M^Ln  +  DnM  +  MC  +  G  +  nx]/(nM^Lj^) 

(15) 

Thus,  an 

expression  for  the  overall  cavity  aispersion  is  giver  by 

Ae  =  (w/Lr)  [1  +  (Lr/B)2  4  (Lj^M/B)2]*S 

(16) 

In  the  absence  of  prisms,  L  =  D  =  C  =  O  and  n  =  M  =  1,  so  that  B  =  x  and  Eq.  (16)  becomes 
identical  to  Eq.  (7). 
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Now,  for  large  beam  expansion  factors  typical  of  laser-pumped  pulsed  dye  lasers  and  a 
finite  cell-prism  length  B  s  ML,  so  that 

Ae  =  (w/Lr)  [1  +  (Lp/L)2  +  (Lj^/ML)2]*^  (17) 

for  the  case  ML  >>  Lp,  then 

M  =  [X/(7rw)]  [1  +  (Lr/L)2]''S 


For  the  far-field  case,  L  >>  Lp,  the  well-known  result  AS  s  X/(jrw)  is  obtained.  For  L  << 
Lp  we  get  A0  =  [X/(7rw)]  (L^/L),  and  for  Lj^  =  L  we  obtain  AS  =  Xv/2/()rw). 


From  this  formulism  we  can  work  out  AS  for  any  value  of  M  or  L.  For  instance,  in  the 
case  of  flash lamp-pumped  pulsed  dye  lasers,  10  <  M  <  20,  and  Lp  can  be  a  few  meters.  So 
for  L  s  1  cm,  Lj^  »  ML  and  Ad  a  (X/jtw)  (Lj^/L). 

Note  that  if  we  differentiate  Eq.  (15)  (as  suggested  in  Ref.  6)  so  that  Afi^^  = 

[3w{x)/9x],  we  obtain 

Ad  =  (w/M  Lf^)  [(1  +  a2  +  a^)/(l  +  a^)]'^  (18) 

where  a  =  (M  Lpj/B)  ,  and  B  is  given  by  Eq.  (14). 


For  the  case  of  large  beam  expansion  we  have  B  a  ML.  Thus,  if  L  =  Lj^,  we  get  o  =  1  and 

A6  =  [X/(M  rr  w)  ]  t/3/2.  Further,  in  the  absence  of  the  beam  expander,  M  =  1, 

D  =  C  =  L  =  O,  and  X  =  d;  thus,  in  Eq.  (21)  we  obtain  AS  =  [X/(5r  w)  ]  y/3/2  for  Lj^  =  d. 

Ad  =  [X/(jr  w)  ]  (Lj^/d)  for  Lp  »  d,  and  A0  =  w)  for  the  far-field  case. 


Experimental 


To  test  the  difference  between  the  geometrical  and  the  transfer-matrix  approach,  we 
measured  the  beam  divergence  and  the  linewidth  from  the  HMPGI  cavity  shown  in  Fig.  1.  In 
addition,  identical  measurements  in  a  pure  grazing-incidence  oscillator  were  also 
performed.  In  all  cases  the  Rayleigh  length  was  determined  measuring  the  beam  size  at  the 
dye  cell  using  a  Galilean  telescope  which  provided  a  X  20  magnification.  Thus,  Lp  was 
determined  to  be  ~  0.11  m.  For  the  grazing-incidence  laser  the  cell-grating  length  was 
made  equal  to  Lp,  and  for  the  HMPGI  oscillator  the  cell-prism-expander  length  was  made 
equal  to  Lp. 


The  excitation  source  was  an  excimer  laser  (XeCl,  -  X^L^  transition  at 

X  =  308  nm).  As  discussed  in  previous  publications'  the  pump  beam  was  a  narrow  horizontal 
strip  (10  mm  wide  x  0.5  mm  high). 

The  grating  utilized  was  a  50  mm  wide  holographic  grating  with  3000  C/mm.  In  both 
cases  close  to  50  mm  were  illuminated  on  the  grating.  The  two  small  prisms  employed  were 
made  of  quartz  with  an  apex  angle  of  42.7°  and  an  hypotenuse  of  15  mm.  The  overall  beam 
expansion  factor  was  about  20. 

The  dye  used  in  these  experiments  was  Kodak  coumarin  102-T  dye  (MW  =  311.32)  at  a 
concentration  of  4  x  lO”^  m  in  ethanol.  Beam  divergence  was  determined  photographically 
at  the  far  field,  and  laser  linewidths  were  measured  interf erometr ically .  All 
measurements  were  performed  at  ~  480  nm. 

The  most  important,  and  difficult  to  assess,  experimental  uncertainty  in  these 
experiments  should  originate  in  spatial  variations  of  the  pump  excimer  laser  beam  which  in 
turn  can  induce  changes  in  the  dye  laser  beam  waist.  Thus,  the  condition  of  L  =  Lp  ’  ..y 
not  always  be  satisfied. 
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Results 


Table  I  lists  calculated  beam  divergenc'-  {A$q) ,  measured  beam  divergence  (A^g), 
calculated  linewidth  (Avq)  and  measured  li.  ewidth  (Avg)  for  the  two  types  of 
narrow-1 inewidth  oscillators  utilized  in  this  experiment.  It  is  immediately  apparent  that 
both  measured  beam  divergence  and  linewidth  are  lower  than  the  calculated  values. 
Additional  information  should  include  the  calculated  linewidth  using  the  experimental  beam 
divergence.  These  values  are  1.68  GHz  and  1.82  GHz  for  the  grazing-incidence  and  the 
HMPGI  dye  laser,  respectively.  For  the  grazing-incidence  cavity  A6q  ~1.7  mrad  using 
Eq.  (4). 

Table  I 


Cavity 

Aeg(mrad) 

Ae(-(mrad) 

Avq 

Grazing- 

1.1 

2.11 

1070  MHz 

3.24  GHz 

Incidence 

HMPGI 

1.2 

2.11 

1070  MHz 

-6  3.24  GHz 

Discussion 

A  comparison  between  the  different  approaches  to  calculate  Ad  indicates  that  the 
Littman  and  Metcalf  and  the  transfer-matrix  treatments  provide  similar  answers  for  the 
case  of  simple  mirror-mirror  or  mirror-grating  cavities  where  beam  propagation  is  through 
homogeneous  media.  A  slight  difference  of  i/2  arises  between  the  two  approaches  when  the 
case  of  d  <<  Lp  is  considered  for  cavities  incorporating  multiple-prism  beam  expansion. 
However,  for  the  case  yielding  the  lowest  Ad  (d  »  Lp)  the  two  methods  provide  the  same 
prediction. 


Experimentally,  it  is  observed  that  for  both  type  of  cavities  the  beam  divergence 
approaches  its  diffraction  limit.  This  is  attributed  to  multipass  effects. The  main 
difference  between  the  two  cavities  was  a  larger  standard  of  deviation  in  the  case  of  beam 
divergence  measurements  corresponding  to  the  HMPGI  oscillator. 


A  description  of  the  multipass  effect  can  be  found  in  a  previous  paper^^  where  it  was 
shown  that,  when  dispersive  elements  are  introduced  in  the  cavity,  a  multipass  analysis 
yields  the  following  equation  for  linewidth; 


r  r  m 

AX  =  (A0/R)  [  n  {90/aX)Q  +  2  Z  (+  1)  (  n  k^)  tanii';^  m  (dn/dX)]"^  (19) 

m=l  m=l  j  =  l  ' 


where  R  represents  the  number  of  cavity  return  passes.  In  this  expression  Ad  is  given  by 
Eq.  (9),  (see  Table  I  for  results). 


The  R  factor  indicates  that  multipass  effects  can  reduce  the  beam  divergence  when 
intracavity  dispersive  elements  are  utilized.  A  similar  conclusion  was  reached  following 
an  intuitive  description  provided  by  Sze^  with  the  added  observation  that  R  can  only 
reduce  Ad  until  the  diffraction  limit  is  reached. 

In  this  discussion  we  have  not  considered  possible  astigmatic  aberrations.  Astigmatism 
in  prismatic  systems  may  be  neutralized  by  making  one  of  the  prisms  exit  faces  convex 
cylindrical.^^ 


368 


Conclusion 


The  transfer-matrix  approach  predicts  values  for  AO  which  are  only  slightly  different 
from  the  values  predicted  by  the  simple  Littman  and  Metcalf  description.  Further,  the 
discrepancies  between  predicted  and  measured  beam  divergence  are  far  more  significant  than 
the  differences  between  theoretical  expectations.  Thus,  either  theoretical  approach  can 
be  used  to  estimate  the  likely  beam  divergence;  however,  for  a  more  accurate  estimate  of 
laser  linewidth  the  measured  value  of  M  should  be  employed.  The  complete  transfer-matrix 
formulism  for  the  multiple-prism  cavity,  provided  here,  yields  results  compatible  with  the 
well  known  geometrical  approach^  when  the  parameters  corresponding  to  the  multiple-prism 
expander  are  given  values  consistent  with  a  free-space  cavity. 

Finally,  it  should  be  indicated  that  the  lowest  beam  divergence  can  be  assured  using  a 
cavity  length  greater  than  Lp.  The  problem  here  is  that  often,  for  single  longitudinal 
mode  operation,  the  shortest  cavity  length  is  desired. 
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INTENSE  PICOSECOND  LIGHT  GENERATION  BY  AMPLIFIED  SPONTANEOUS  EMISSION 


P.  Sperber,  W.  Spangler,  B.  Meier,  and  A.  Penzkofer 
Naturwissenschaf tliche  Fakultat  II  -  Physik, 
Universitat  Regensburg,  D-8400  Regensburg,  Fed. Rep. Germany 


The  picosecond  pulse  generation  in  longitudinally  pumped  dye  laser  generators  and  ampli¬ 
fiers  is  studied.  Frequency  tunable  pulses  between  720  nm  and  940  nm  are  generated  with  a 
picosecond  ruby  pump  source.  Energy  conversion  efficiences  of  approximately  ten  percent  are 
obtained.  Besides  the  amplification  of  spontaneous  emission,  the  seeding  pulse  amplifica¬ 
tion  of  picosecond  light  continua  is  discussed.  The  simultaneous  occurrence  of  resonance 
Raman  scattering  is  studied. 

1.  Introduction 


The  amplification  of  spontaneous  emission  allows  the  generation  of  frequency  tunable 
picosecond  light  pulses  in  dye  solutions  it  population  inversion  is  caused  by  excitation 
with  picosecond  pump  sources*'^^  .  Longitudinal ,  transversal and  travelling-wave 
transversal®'^®  pumping  arrangements  have  been  used.  In  transversally  excited  dye  cells  the 
duration  of  the  amplified  spontaneous  emission  signal  is  restricted  by  the  transit  time 
through  the  pumped  region,  and  two  pulses  are  emitted  in  opposite  direction.  The  travelling 
wave  transverse  pumping  applies  a  grating  for  matching  the  propagation  of  the  pump  pulse 
to  the  amplified  spontaneous  emission  signal.  High  gains  are  achieved  in  transverse  and 
travelling-wave  transverse  pumping  since  excited-state  absorption  of  the  pump  pulse  has 
negligible  influence  on  the  transverse  amplification  of  the  fluorescence  signal.  In  a  longi 
tudinally  pumped  dye  cell  the  excited-state  absorption  at  the  pump-laser  frequency  Vj^  re¬ 
stricts  the  amplification  of  the  fluorescence  light. 


In  this  paper  a  versatile  longitudinally  pumped  dye  laser  generator-amplifier  system  is 
described.  The  drawbacks  of  excited-state  absorption  at  v are  avoided  by  splitting  the 
pump  pulse  to  pump  a  generator  cell  (amplification  of  spontaneous  emission)  and  a  chain  of 
amplifier  cells  (signal  amplification) .  The  spectral  narrowing  and  tuning  is  achieved  with 
a  grating  spectrometer.  The  reamplification  of  the  spectrally  narrowed  and  tuned  signals 
gives  nearly  bandwidth-limited  intense  picosecond  light  pulses. 


2.  Experimental 

A  schematic  of  the  experimental  setup  is  depicted  in  Fig.l.  The  pump  pulses  are  genera¬ 
ted  in  a  passively  mode-locked  ruby  laser  (wavelength  X  =  694.3  nm,  duration  At,  =  30  ps) 
The  generated  ASE  signal  in  the  generator  cell  G  is  collimated  (lens  L2)  and  amplified  in 
the  longitudinally  pumped  dye  cells  A1  and  A2.  The  spectrometer  SPl  is  used  for  spectral 
narrowing  and  tuning.  The  reampli f ication  of  the  narrowed  signal  occurs  in  the  dye  cell  A3 
which  is  excited  with  an  amplified  fraction  of  the  picosecond  ruby  pump  pulse. 


3.  Dyes 


The  investigated  dyes  are  listed  in  Table  1  together  with  some  spectroscopic  data.  The 
absorption  cross-sections  at  the  pump  laser  frequency  are  measured  with  a  spectrophoto 
meter.  The  excited-state  absorption  cross-sections  are  determined  by  intensity  depen¬ 

dent  transmission  measurements .  The  excited-state  absorptions  a of  the  generated  light 
are  determined  by  simulating  the  light  generation  in  the  generator  cell^^  .  The  fluorescence 
lifetimes  are  measured  with  a  streak  camera  at  low  dye  concentrations.  The  fluorescence 
quantum  efficiencies  are  measured  with  a  spectro-f luor imeter .  The  stimulated  emission 
cross-section  spectra  are  plotted  in  Fig. 2.  They  are  determined  from  absorption  cross-sec¬ 
tion  spectra  and  fluorescence  quantum  distribution  measurements  according  to 
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n  j,  and  n^  are  the  average  refractive  indices  of  the  solutions  in  the  Sj-Sy  emission  and  the 
Sq-S  1  absorption  band,  respectively.  E(X)  is  the  normalized  fluorescence  quantum  distribu¬ 
tion  (/  E(X)dX  -  1). 
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4.  Results 


The  amplification  of  spontaneous  emission  in  the  generator  cell  is  studied  first.  Then 
the  signal  amplification,  the  spectral  narrowing  and  tuning  as  well  as  the  reamplification 
arc  invcotig'ted.  The  alternative  technique  of  intense  frequency  tunable  picosecond  pulse 
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Fig ■ 1 :  Experimental  setup. 

L1-L6,  lenses.  G,  generator  dye 
cell.  A1-A3,  amplifier  dye  cells. 
SP1,SP2,  grating  spectrometers. 
DL,  optical  delay  line.  SC, 
streak  camera.  BS1-BS3,  beam¬ 
splitters  with  reflectivities 
R1  =  0.1,  R2  =  0.3,  and  R3  = 

0.5.  E,  edge  filters  reflecting 
the  pump  pulse  and  transmitting 
the  generated  light. 


generation  by  seeding  pulse  amplification  of  picosecond  light  continue  is  discussed  shortly. 
The  concurrent  resonance  Raman  scattering  is  mentioned. 

4.1  Amplified  Spontaneous  Emission  in  the  Generator  Cell.  In  the  generator  cell  the 

fluorescence  signal  is  amplified  in  forward  direction.  The  dashed  curves  of  Fig. 3  display 
the  normalized  fluorescence  spectral  distributions  Wf^_( X ) /Wl  within  an  acceptance  angle  of 
A0=6°.  The  solid  curves  show  the  normalized  spectral  distribution  =  W.gj,  ( X ) /Wj^  of  the 

amplified  spontaneous  emission  (ASE)  signals  for  Iql  -  4x10  W/cm^.  is  the  pump  pulse 

energy  at  the  entrance  of  the  generator  cell.  The  amplification  and  spectral  narrowing  of 
the  fluorescence  light  are  clearly  seen.  The  ASE  spectra  are  influenced  by  the  applied  dye 
concentrations.  Higher  dye  concentrations  shift  the  emission  spectra  to  longer  wavelengths 
because  of  fluorescence  reabsorption  (no  curves  shown) .  The  wavelength-integrated  ASE  energy 
conversion  efficiency  W^gj/W^  versus  input  pump  pulse  peak  intensity  is  displayed  in  Fig. 4 
(circles  and  solid  curve)  for  10  molar  DDI  in  methanol. 

The  amplification  in  forward  direction  reduces  the  divergence  of  the  ASE  signal.  The 
divergence  AO  versus  Iql  is  plotted  in  Fig.  5  for  10"'*  molar  DDI  in  methanol  (circles  and 
curve  1 ) . 

The  spectral  bandwidth  reduces  with  the  pump  pulse  intensity  (gain  narrowing)  and  the 
emission  peak  shifts  to  shorter  wavelengths  (bleaching  of  reabsorption).  This  behaviour  is 
shown  in  Fig. 6  for  10"'*  molar  DDI  in  methanol.  The  spectral  distribution  of  the  generated 
spectrum  is  strongly  structured  when  the  observation  angle  is  narrowed  to  the  coherence 
angle  =  X^gj.  /d  (d  is  approximately  the  beam  diameter  of  the  pump  pulse)  .  The  statisti¬ 

cal  nature  of  tne  spontaneous  emission  and  the  coherent  amplification  are  responsible  for 
the  fluctuating  structure .  Integration  over  the  full  divergence  angle  results  in  a 
rather  smooth  spectrum  . 

The  pulse  duration  of  the  ASE  signal  is  shortened  with  rising  pump  pulse  intensity. 

The  circles  and  curve  1  of  Fig. 7  depict  the  dependence  of  the  ASE  pulse  duration  on  the 
input  pump  pulse  peak  intensity  for  2x10”* molar  rhodamine  800  in  methanol.  The  dash-dotted 
curve  represents  the  pump  pulse  duration.  When  the  observation  angle  is  narrowed  to  the 
coherence  angle  the  temporal  pulse  shapes  are  structured.  The  pulse  shapes  are  rather 
smooth  when  the  ASE  signal  is  integrated  over  the  full  divergence  angle. 

4.2  Amplifier  Chain.  The  following  results  belong  to  the  amplified  ASE  signal  behind 
the  second  amplifier  of  Fig.l.  The  ASE  signal  behind  the  generator  cell  is  collimated  to 
improve  the  overlap  between  ASE  signal  and  pump  pulse  cross-section. 


371 


Fig . 2 !  Stimulated  emission  cross-sections  of  investigated  dyes.  1,  rhodamine  800.  2,  DDI. 

3,  HITCI.  4,  HDITCI.  5,  IR  140.  6,  styril  9. 

Table  1 :  Investigated  dyes  (all  dyes  supplied  by  Lambda  Physik) . 

ME  =  methanol.  EG/DMSO  =  1:1  volume  mixture  of  ethylene  glycol  and  dimethyl  sulfoxide. 

DDI  =  1 , 1 ' -diethyl-2 , 2 ' -dicarbocyanine  iodide.  HITCI  =  1 , 1 ' , 3 , 3 , 3 ' , 3 ' -hexamethy lindotr i- 
carbocyanine  iodide.  HDITCI  =  1 , 1 ' , 3 , 3 , 3 ' , 3 ' -hexamethyl-4 , 4 ' , 5 , 5 ' -dibenzo-2 , 2 ' -indotricarbo- 
cvanine  iodide. 


DDI  ME  7.6x10'^^  SxlO'l’  6x10"^’  0.017  0.004 


Rhodamine  800  ME  2xl0'^®  8xl0''-®  1.3xl0''’  1.54  0.16 

HITCI  ME  3.1x10-16  8.5xl0'^’  1.3x10-16  0.46  0.12 

HDITCI  EG/DMSO  2.2x10-1*^  8.5x10-1’  l.lxlO’^®  0.22  0.057 

Styril  9  DMSO  l.OxlO'i’  OxlO'*’  -1.2x10-’®  0.39  0.05 

IR  140  EG/DMSO  1.15x10"^*  1.15x10"'®  7x10"”  0.24  0.047 


The  dash-dotted  curves  of  Fig.  3  show  the  normalized  spectral  distributions  Wjy^(A)/Wj^ 
at  loL -  4x10®  W/cm^.  The  signal  amplification  versus  pump  pulse  intensity  (IolAS  intensity 
in  front  of  generator  cell)  is  indicated  in  Fig. 4  (dots  and  dashed  curve). 

The  divergence  of  the  amplified  signal  is  reduced  drastically  as  is  seen  by  the  dots  and 
the  curve  2  in  Fig. 5  (AO  ~  d/ig^  ,  d  pump  pulse  diameter,  distance  between  generator  cell 

and  amplifier  cell  A2) . 

The  spectral  widths  are  slightly  narrowed  in  the  amplifier  cells  (Fig. 3).  The  wave¬ 
length  peak  positions  are  practically  unchanged.  The  spectral  shapes  are  slightly  smoothed 
due  to  gain  saturation. 

The  duration  of  the  amplified  signals  is  shortened  and  becomes  approximately  equal  to 
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Fig  ■  3  :  Conversion  efficiency 
distributions.  Dashed  curves, 
fluorescence  in  forward  direc¬ 
tion  within  a  divergence  angle 
of  A(.i  =  6°.  Solid  curves,  ampli¬ 
fied  spontaneous  emission  sig¬ 
nal  after  generator  cell.  Dash- 
dotted  curves,  signal  behind_ 
second  amplifier  cell.  1,  10 
molar  DDI.  2,  2*10'*  molar  rho- 
damine  800.  3,  y.li-lO"^  molar 
HITCI.  4,  5  .  1*  lO"'*  molar  HDITCI  . 

5,  2.5*10‘^  molar  styril  9. 

6,  3.7*10’^  molar  IR  140.  For 
solvents  see  Table  1 .  Length 
of  dye  cells  is  i=l  cm. 


the  pump  pulse  duration  as  is  seen  by  the  triangle  in  Fig. 7. 

4.3  Tuning  and  Reamplification.  The  spectral  width  of  the  amplified  ASE  signal  is  typi¬ 
cally  15  nm  (Fig. 3)  and  the  duration  is  approximately  30  ps .  The  pulses  are  spectrally 
narrowed  and  tuned  by  passing  through  the  spectrometer  SPl.  The  spectral  narrowing  causes 
energy  loss.  The  energy  is  restored  by  reamplification  in  the  dye  cell  A3.  The  spectral 
narrowing,  tuning,  and  reamplification  are  illustrated  in  Fig. 8.  The  energy  of  the  reampli¬ 
fied  pulses  is  rather  constant  over  a  broad  spectral  range  (higher  gain  at  spectral  wings 
since  gain  saturation  occurs  at  the  center  spectral  region) . 

4.4  Seeding  Pulse  Amplification.  Besides  the  amplification  of  spontaneous  emission 

the  amplification  of  weak  picosecond  light  continua in  dye  cells  may  be  applied  to  gene¬ 
rate  intense  frequency  tunable  picosecond  light  pulses  .  In  Refs.  11  and  14  the  pico¬ 

second  light  continuum  is  generated  in  the  ruby  amplifier  by  focusing  the  selected  single 
picosecond  ruby  pulse  of  the  oscillator  into  the  ruby  amplifier.  The  main  difference  bet¬ 
ween  amplified  spontaneous  emission  and  seeding  pulse  amplification  (SPA)  of  a  picosecond 
light  continuum  in  a  generator  cell  is  the  small  divergence  angle  (AOgp,^  =  AOj^  ,  open  tri¬ 
angles  and  curve  4  in  Fig. 5)  and  the  short  duration  (Atgp;^  <  ,  open  caro  in  Fig. 7). 

Behind  the  amplifier  cell  A2  the  beam  divergence  (filled  triangles  and  curve  3  of  Fig. 5)  is 
slightly  enlarged  and  the  pulse  duration  (filled  caro  in  Fig. 7)  approaches  the  pump  pulse 
duration . 

4.5  Resonance  Raman  Scattering.  The  ASE  signal  behind  the  generator  cell  is  free  of 

Raman  lines  in  all  experiments.  At  the  position  of  the  pump  pulse  peak  intensity  where  the 
Raman  amplification  is  highest,  the  ASE  signal  is  still  too  weak  to  show  up  as  an  amplified 
Raman  signal.  In  the  seeding  pulse  amplification  of  picosecond  light  continua,  Stokes  Raman 
lines  of  the  dye  molecules  have  been  observed  upon  the  amplified  continuum  at  high  pump 
pulse  intensities  in  some  dye  solutions  Behind  the  amplifier  colls  the  same  Raman 

lines  were  found  upon  the  amplified  ASE  signals  .  The  Raman  transitions  are  resonantly 
enhanced  by  the  S(,-Si  absorption  of  the  pump  laser^^  . 
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Fig  ■  4 :  Energy  conversion  effi¬ 
ciency  versus  pump  pulse  peak 
intensity.  Dye  solution  is 
10'^  molar  DDI  in  methanol. 
Circles  and  solid  curve,  ASE 
signal  behind  generator  cell. 
Dots  and  dashed  curve,  ampli¬ 
fied  signal  behind  second 
amplifier  cell.  Cell  lengths 
1=1  cm. 
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Fig . 6 :  Wavelength  of  ASE  emission 
versus  pump  pulse  peak  intensity 
for  10'^  molar  DDI  in  methanol. 
Dash-dotted  curve  represents  peak 
emission  wavelength.  The  borders 
of  the  hatched  region  indicate 
the  half-heights  of  the  signal. 
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5.  Conclusions 

The  described  dye  generator-amplifier  system  allows  the  generation  of  intense,  frequency 
tunable  picosecond  light  pulses  over  a  wide  spectral  range.  With  picosecond  luby  pump  pul¬ 
ses  the  frequency  region  between  720  nm  and  940  nm  was  covered  with  6  different  dyes  (in 
addition  to  Fig. 3  5x10*'*  molar  rhodamine  800  extends  the  spectral  range  to  720  nm  and 
5x10"'*  molar  IR  1''0  extends  the  ASE  signal  to  940  nm)  .  A  conversion  efficiency  of  approxi¬ 
mately  10  %  was  obtained  (relating  to  the  pump  pulse  energy  behind  the  ruby  amplifier  1). 
Using  other  pump  sources  (second  harmonic  of  mode-locked  ruby  laser,  mode-locked  Nd-lasers 
and  their  harmonics)  the  spectral  region  may  be  extended  from  the  near  ultraviolet  to  the 
near  infrared  spectral  region  over  the  full  spectral  range  of  available  laser  dyes  or  satu¬ 
rable  absorbers .  In  contrast  to  dye  laser  oscillators  the  picosecond  dye  laser  genera¬ 
tors  may  be  operated  as  well  with  laser  dyes  of  aigh  fluorescence  quantum  efficiency  and 
with  saturable  absorbers  of  low  fluorescence  quantum  efficiency  (short  fluorescence  life¬ 
time  T r ,  e.g.  DDI  in  methanol)®'^.  The  generator  efficiency  is  expected  to  reduce  only  if 
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Institute  of  Physics,  USSR  Academy  of  Sciences,  Siberian  Branch, 
Krasnoyarsk  State  University,  660036,  Krasnoyarsk,  USSR 


Abstract 


Complex  organic  molecules  with  delocalized  jr-electrons  can  display  strong  optical  non- 
linearities  and  phase-matching.  First  experiments  on  frequency-mixing  and  THG  in  the  UV 
and  VUV  have  confirmed  advantages  offered  by  this  new  class  of  nonlinear  optical  gaseous 
media . 


Introduction 


To  obtain  large  nonlinear  optical  response  in  gaseous  media  narrow  multiphoton  reso¬ 
nances  are  generally  used.  The  available  choice  of  suitable  atomic  media  is  rather 
scanty.  Experiments  with  two-atomic  molecular  gases,  having  a  relatively  simple  spectrum, 
showed  that  due  to  vibrational-rotational  broadening  of  the  molecular  transitions  their 
resonant  nonlinear  susceptibilities  are  essentially  lower  compared  to  the  atomic  ones.^"^ 

This  paper  shows  that,  on  the  contrary,  very  high  nonlinearities  can  be  inherent  in 
multiatomic  molecules  with  double-conjugated  bonds  despite  of  the  wide  vibrational- 
rotational  broadening  of  the  electronic  transition. The  presence  of  delocalized 
ir-electrons  leads  to  a  substantial  increase  of  the  electric  dipole  moments  of  the  transi¬ 
tions  which  compensates  for  the  resonance  broadening.  The  elementary  qualitative  theory 
developed  describes  the  nonlinear  optical  properties  of  the  molecules  discussed.  The 
experimental  results  on  the  frequency-tunable  UV  and  VUV  generation  in  the  wavele''jth 
range  176.5-178.6  nm  confirm  the  theoretical  predictions.  Nonlinear  susceptibility  has 
been  measured  for  two  representatives  of  this  class:  naphthalene  and  paraterphenyl . 


Simplified  Theory 


A  most  simple  treatment  of  the  molecules  with  double-conjugated  bonds  and  delocalized 
ir-electrons  is  offered  by  a  quantum  mechanical  model  of  the  electron  motion  in  an  infi¬ 
nitely  deep  potential  well.  Within  this  model  the  wave  functions  and  the  electric 

dipole  moments  of  the  transitions  dj^^j  are  written  in  terms  of  the  molecule  length  L  as 
follows^ : 


*^mn 


=  /'^'m  *  -^n^x 


JU2 


(  o  for  even  (m  +  n) 


for  odd  (m  +  n) 
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i.e.  d, 


L 


mn 


Hence  the  third-order  nonlinear  susceptibility  x 


(3) 


has  the  form; 


X 


(3) 


L 


4 


the  estimations  show  that  the  value  of  for  the  molecules  with  double-conjugated 

bonds,  even  under  nonresonant  conditions,  nay  be  expected  to  be  comparable  with  that  for 
metal  atoms  under  exact  two-photon  resonance. 


Experiment 

The  nonlinear  susceptibility  x^^^  has  been  estimated  in  paraterphenyl 

^  naphthalene  vapors  in  the  experimental  schematic 

2u  +  2a)  -  u  =  3cj  where  o)  is  the  frequency  of  the  Nd:YAG  laser  radiation.  In  paraterphenyl 
vapor  the  frequency  2a)  was  tuned  into  the  two-photon  absorption  band  while  in  naphthalene 

p 

vapor  the  resonance  was  absent. ° 

The  nonlinear  sus.eptibility  of  the  paraterphenyl  molecules  has  been  measured  to  be 
X^^^  =«  4  X  10“^^  ESU  which  appears  to  be  much  larger  than  the  resonant  x^^^  for  the  sim¬ 
plest  molecules  NO  (x^^^  “  10“^^  -  10”^^)  and  CO  (x^^^  ^  2  x  10”^^)^'^  as  well  as  the 
nonresonant  x^^^  of  the  dyes.^  This  magnitude  is  commensurable  with  the  quasi  resonant 
x^^^  of  alkali  atoms^  and  resonant  x^^^  of  alkali  earths.^  The  value  of  x^^^  in 
naphthalene  is  about  an  order  of  magnitude  lower  than  that  in  paraterphenyl.  Thus  the 
experiments  have  proved  that  double-conjugated  bonds  and  a  two-photon  resonance  ensure 
the  increase  of  x^^^. 


VUV  Generation 


Naphthalene  molecules  were  used  to  generate  frequency  tunable  VUV  radiation  2a)  +  2a)  + 
2a)  =  6a)  where  o)  is  the  Nd:glass  laser  frequency  tunable  within  the  luminescence  band. 
Figures  1  and  2  illustrate  the  conversion  efficiency  versus  the  cell  temperature  (Fig.  1) 
and  the  VUV  output  wavelength  (Fig.  2). 


output 
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As  seen  from  the  figures,  the  conversion  efficiency  is  a  maximum  at  the  cell 
temperature 


t  =  55°C  (N  ~  4  X  10^®  cm 

and  is  practically  independent  of  the  converted  radiation  frequency  (Fig.  2)  J  The  tuning 
range  of  the  VUV  radiation  depends  on  that  of  the  converted  radiation. 

Conclusion 


The  estimations  and  preliminary  experiments  carried  out  have  confirmed  that  the  mole¬ 
cules  with  double-conjugated  bonds  are  the  promising  nonlinear  media  for  the  VUV 
generation.  This  new  class  of  nonlinear  gaseous  media  is  advantageous  (low  temperature, 
chemical  inertness)  over  the  traditional  metal  vapors  used  for  this  purpose. 
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STATISTICAL  PROPERTIES  OF  PULSED  DYE  LASER  RADIATION 


E.  Berik  and  V.  Davidenko 
Institute  of  Physics,  202400  Tartu,  USSR 


Abstract 


Single-shot  spectral  measurements  of  the  radiation  of  an  excimer-pumped  dye  laser  were 
performed  with  a  high-resolution  multichannel  recording  system  in  order  to  determine  the 
influence  of  mode  fluctuations  and  spectral  instabilities  of  the  cavity  transmission  band 
on  an  average  laser  linewidth. 


Introduction 


The  spectral  distribution  of  the  output  energy  -  one  of  the  most  important  character¬ 
istics  of  any  tunable  pulsed  laser  -  is  usually  described  by  one  single  parameter  only, 
i.e.  the  linewidth  (FWHM)  measured  by  averaging  over  a  large  number  of  pulses. 

However,  the  averaged  value,  obtained  in  this  way  does  not  take  into  account  the  spectral 
individualities  of  a  single  shot  observable,  for  example,  through  a  Fabry-Perot  interfero¬ 
meter.  Thus,  a  multipulse  summing  does  not  give  an  adequate  description  of  laser  proper¬ 
ties  and  one  can  obtain  the  same  linewidth  for  a  broad-band  and  spectrally  stable  lasing 
as  well  as  for  a  narrow-band  line,  shifting  from  pulse  to  pulse. 

The  averaged  linewidth  is  sufficient  if  the  laser  is  used  in  linear  spectroscopy,  but 
to  apply  it  in  nonlinear  or  coherent  spectroscopy  one  must  know  the  radiation  properties 
more  adequately.  A  detailed  understanding  of  the  factors  determining  the  output  linewidth 
is  useful  also  for  laser  designing. 


Theory 


The  spectral  distribution  of  the  energy  of  the  pulsed  laser  is  stochastic,  each  pulse 
having  its  own  evolution  in  time,  the  resulting  spectral  form  and  an  individual  spectral 
position  of  the  center  of  the  line.  In  general,  the  recorded  intensity  on  the  wavelength 

X  can  be  written  as  follows; 


N  f® 

I(X)  =  L  I  In<^.  t)dt 
•'o 


(1) 


where  the  behavior  of  the  function  In(X,  t)  depends  on  a  number  of  stochastic  and 
deterministic  processes. 

Here  we  consider  a  case  most  typical  of  multimode  pulsed  dye  lasers,  when  the  number 
of  modes  is  of  the  order  of  5  -  25.  Theoretical  estimation  of  the  linewidth  have  been 
performed  already  in  the  first  publications  concerning  this  type  of  lasers.^'®  By  using 
a  standard  set  of  parameters  (lasing  wavelength  X,  cavity  length  L,  grating  angle  0, 
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transverse  size  of  the  excited  zone  d  and  beam  expansion  ratio  M  (Fig.  1))  the  values 
have  been  obtained  which  correlate  well  with  experimental  results.  The  most  correct 
expression  for  the  laser  linewidth,  or,  more  exactly,  for  the  Hansch-type  cavity  trans¬ 
mission  band  AX  has  been  obtained  in  Ref.  6.  It  has  been  shown  that  dependence  can  be 
written  as 

AX  =  X/M  tg  <t>  [(X/d)2  +  (d/2Lgf)2]'j  (2) 

where  Lgj  =  +  L^/M  =x  Lq  is  the  distance  between  the  active  zone  and  the  beam  expander. 


To  minimize  the  cavity  bandwidth  and,  accordingly,  the  laser  linewidth  one  can  alter 
all  the  multipliers  in  expression  (2).  However,  they  have  different  ranges  of  influence, 
therefore  the  increasing  of  the  angular  dispersion  of  the  grating  (tg  is  the  most 
reliable  and  independent  way  to  compress  the  linewidth.  Any  possible  limitation  is  caused 
by  the  grating  properties  only  (finite  length  of  substrate,  surface  curvature,  etc.). 

The  enhancement  of  the  beam  expansion  coefficient  M  also  leads  to  a  proportional 
reduction  of  the  single-shot  linewidth.  However,  the  averaged  linewidth  will  decrease  to 
a  definite  level  determined  by  spectral  instabilities  of  the  cavity  transmission  band, 
caused  by  the  mechanical  vibration  of  elements. 


The  expression  under  root  has  a  minimum  when  d  =  (2  •  X  •  and  to  optimize  the 

laser  spectrum  one  has  to  choose  a  proper  concentration  of  the  dye. 

All  the  characteristics  mentioned  above  reflect  the  deterministic  properties  of  the 
laser  cavity.  The  individuality  of  each  separate  shot  ensues  from  the  real  condition  of 
pulse  evolution.  These  are  mainly  the  mode  fluctuations  and  spectral  instabilities  of 
the  cavity  transmission  band.  The  nonreproducibility  of  the  spectral  form  of  each  pulse 
is  determined  by  stochastic  processes  of  the  mode  formation  due  to  the  quantum  noise. 

All  the  modes  inside  the  cavity  transmission  band  have  the  same  gain  because  of  the  broad¬ 
band  profile  of  the  amplification  of  the  active  medium  usually  used  in  tunable  lasers. 

The  shot  lasing  time  does  not  allow  the  noise-induced  laser  spectrum  to  be  cut  off  in  the 
smooth  form  of  the  cavity  transmission  profile.  Therefore,  the  spectral  form  of  separate 
shots  may  vary  essentially,  obeying  statistical  laws. 

Spectral  instabilities  of  the  cavity  transmission  band,  caused  mainly  by  the  vibrations 
of  the  diffraction  grating,  lead  to  nonregular  shifts  of  the  laser  line.  The  result  is 
the  spectral  broadening  of  the  averaged  profile  of  laser  output  radiation. 

Both  statistically  described  causes  lead  to  the  individualities  of  single  pulses  and 
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to  the  linewidth  broadening  and  can  not,  thereby,  be  separated  from  the  averaged  value  of 
the  linewidth.  The  determination  of  the  magnitude  of  the  mechanical  instabilities  of  the 
laser  cavity  is  important  for  a  proper  choice  of  the  expansion  ratio  M.  Modern  types  of 
beam  expanders  (multiprism,  reflecting  telescopes,  etc.)''°  permit  one  to  get  a  consider¬ 
able  value  of  M  without  any  sufficient  aberrations  and  losses  of  energy.  However,  the 
enhancement  of  M  and  thus  the  reduction  of  the  single-pulse  linewidth  do  not  remove  the 
vibrational  line  broadening  and  the  ratio  AXj-ZAX  can  be  much  more  than  1.  Here  AXj-  is 
the  averaged  linewidth  measured  in  traditional  manner, 

N  N 

E  I„(X)dX/E  I,.  (X^3^) 
o 

AX  is  the  averaged  linewidth  of  a  single  pulse 

N  Nr® 

AX  =  [Z  AX^l/N  =  [Z  /  In(X)dX/In{Xn,ax)3/N 

•'o 

Wyatt,  in  Ref.  9,  had  AXj;/AX  =  2.5  when  using  a  prism  beam  expander  with  M  =  250.  Such 
spectral  behavior  of  the  laser  line  makes  impossible  the  application  of  the  laser  in  many 
fields  of  spectroscopy,  it  is  reasonable  for  commercial  lasers  to  restrict  M  to  the  level 
where  the  difference  between  AXj;  and  AX  is  less  than  20  -  30%. 

The  task  of  this  work  was  to  distinguish  the  role  of  different  factors  in  the  line 
broadening  of  the  pulsed  dye  laser  and  to  determine  the  optimal  value  of  the  magnification 
of  the  intracavity  beam  expander  M. 

Experimental  Details 

The  tunable  lasers  used  are  excimer-pumper  dye  lasers  VL-10  and  VL-18,  developed  in 
the  Estonian  SSR  Ac.Sci.^®'^^  The  lasers  have  modified  Hansch-type  oscillators  with  high- 
order  ruled  gratings  of  600  groves/mm  and  multiprism  achromatic  beam  expanders.  The 
lasers  are  of  a  similar  design  of  mechanical  construction  and  optics,  except  the  expansion 
ratio  M.  VL-10  is  provided  with  a  four-prism  40-fold  beam  expander,  VL-18,  with  a  five- 
prism  expander  with  M  =  100.  The  lasing  wavelength  was  chosen  near  the  maximum  of  the 
tuning  curve  of  Coumarin  47  dye  (X  =  460  nm,  ^  =  55.8°). 

The  source  of  excitation  was  an  excimer  laser  ELI-3,  also  produced  in  Estonia. To 
eliminate  the  negative  action  of  thermooptical  effects  on  dye  laser  spectra  the  pumping 
energy  was  reduced  to  3  mJ.^^  The  spectral  distribution  of  the  single  pulse  was  recorded 
with  a  1-m  home-made  grating  spectrophotometer  provided  with  a  diode  array.  The  resulting 
spectra  with  a  resolution  of  2.2  pm  were  sampled  and  displayed  by  a  multichannel  analyzer 
TN-7200  (Tracor  Northern).  The  spectral  calibration  of  the  recording  system  was  performed 
with  the  aid  of  a  broad-band  laser  radiation,  passed  preliminarily  through  a  20  mm-basis 
Fabry-Perrot  etalon.  The  system  permitted  the  recording  of  single-pulse  and  averaged 
spectra  of  the  dye  laser  and  the  processing  of  information. 

Results 


The  excimer  and  dye  lasers  were  stabilized  by  one-hour  operation  with  the  repetition 
rate  of  10  Hz.  The  stability  of  the  pulse  energy  under  these  conditions  was  better  than 
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5%  (90%  of  pulses).  The  lasing  spectrum  of  one  of  the  pulses  was  recorded  in  the  MCA 
memory.  The  linewidth  of  the  pulse  was  calculated  after  subtracting  the  background  as  a 
ratio  of  the  area  of  the  spectrum  to  the  amplitude  at  the  maximum.  The  spectral  forms  of 
separate  pulses  were  very  individual,  one  could  see  asymmetrical  lines  or  the  lines  with 
two  maxima.  Otherwise  these  were  very  narrow  lines  with  high  amplitudes  (Fig.  2).  The 
variety  of  the  lineforms  observed  correlates  well  with  the  results  of  Ref.  13,  where  a 


Fig.  2  Lineforms  of  successive  laser  pulses. 

similar  spectral  method  was  used  for  the  investigations  of  mode  interaction  in  a  pulsed 
dye  laser  with  a  grazing  incidence  grating.  The  5-10  pulse-averaged  spectra  looked 
much  smoother,  and  after  the  accumulation  of  30  -  50  shots  the  lineform  became 
reproducible  and  near-Gauss i an. 


Fig.  3  Histograms  of  relative  linewidth  of  VL-10  (a)  and 

VL-18  (b)  dye  lasers. 

In  Fig.  3,  the  results  of  a  statistical  processing  of  100  independent  measurement 
cycles  are  depicted.  One  can  see  that  even  a  stabilized  laser  system  has  a  two-fold 
variation  of  the  linewidth  as  a  result  of  the  f luctuational  formation  of  lasing.  The 
standard  of  deviation  of  the  linewidth  for  both  lasers  were  calculated  (see  Table) 
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Table  STATISTICAL  PROPERTIES  OF  DYE  LASER  RADIATION 


Laser 

M 

dX 

AX^ 

6X/dX 

(dX  -  dX)/dX 

^^c 

(pm) 

(pm) 

(pm) 

VL-10 

40 

9.0 

9.5 

0.15 

0.05 

3.0 

VL-18 

100 

3.7 

4.7 

0.17 

0.25 

2.9 

The  magnitudes  of  AXj-  for  VL-10  and  VL-18  dye  lasers  were  determined  by  the  accumula¬ 
tion  of  100  successive  pulses.  This  averaged  value  takes  into  account  the  lineshifts  and 
is  equivalent  to  the  ne  obtained  by  the  traditional  methods  of  recording.  Because  of  the 
short  recording  time  one  can  neglect  the  line-broadening  caused  by  slow  thermal  processes. 

Discussion 


The  difference  between  dX^  and  dX  for  the  VL-10  dye  laser  is  less  than  5%.  It  shows 
that  the  contribution  of  the  mechaincal  vibrations  of  the  cavity  in  the  line-broadening 
of  the  laser  with  a  40-fold  expander  is  very  small.  One  can  say  that  the  jumps  in  the 
spectrum  of  a  conventional  dye  laser,  observed  visually,  are  the  consequence  of  mainly 
the  f luctuational  migration  of  the  energy  inside  the  line  profile  and  thus  the  reduction 
M  does  not  lead  to  the  proportional  decrease  of  spectral  instabilities.  (The  reduction 
proportional  to  M%  is  possible  owing  to  the  increase  of  the  niunber  of  lasing  modes.) 

The  standard  deviation  6X  for  VL-18  is  the  same  as  for  the  laser  with  M  =  40.  The 
difference  in  dX,  obtained  for  VL-10  and  VL-18  lasers  is  equal  to  2.3,  which  indicates  a 
small  influence  of  the  quality  of  the  optics  used.  However,  the  difference  between  dX^ 
and  dX  in  case  of  VL-18  laser  with  100-fold  expander  exceeds  25%.  This  is  a  contribution 
of  the  spectral  instabilities  of  the  cavity  transmission  band  dX^.  It  can  be  defined  as 

dX^  =  (dXj^  -  dx2)*s 

For  the  lasers  VL-10  and  VL-18,  that  have  the  same  constructions,  the  calculated  values 
of  dX^  are  respectively  3.0  and  2.9  pm.  The  good  coincidense  of  the  magnitudes  of  dX^, 
for  different  lasers  confirms  the  correctness  of  the  method  used. 


We  can  draw  a  conclusion  that  for  an  average-cost  commercial  pulsed  dye  laser  it  is 
reasonable  to  use  beam  expanders  with  the  expansion  ratio  M  a.  100,  as  it  does  not  lead  to 
the  broadening  of  the  averaged  linewidth.  Though  the  measurements  were  performed  by  means 
of  a  dye  laser  with  a  Li tt row-mounted  grating,  the  way  of  the  formation  of  the  cavity 
transmission  band  does  not  affect  on  the  statistics  of  laser  spectra.  Thus,  the  results 
should  be  valid  for  other  types  of  selective  laser  cavities  as  well. 
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FLUCTUATION  PROPERTIES  OF  LIQUID  RING  LASER  WITH  AN  INJECTED  SIGNAL 
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Tomsk,  634055,  USSR 


Abstract 


The  effect  of  the  external-signal  intensity  and  tuning  off  from  resonance  on  the  sta¬ 
tistical  properties  of  strong  and  weak  fluctuations  of  a  liquid  ring  laser  with  an  external 
signal  generating  in  the  counter  wave  mode  has  been  described. 


Introduction 


Dye  lasers  have  shown  good  promise  as  light  sources  for  laser  spectroscopy.  This  is 
due  to  their  high  emitting  power,  adequately  broad  operating  wavelength  range,  continuous 
laser  frequen''y  tv’'’ng  capability,  and  other  favorable  properties.  The  majority  of  the 
experiments  using  dye  lasers  employ  intracavity  laser  spectroscopy^'^  based  on  wide-band 
radiation  sources.  On  the  other  hand,  narrow-band  dye  lasers  generating  homogeneously 
broadened  linewidths  appear  to  be  valuable  tools  for  laser  reception  spectroscopy  (LRS)^ 
that  permits  an  insight  into  the  fine  structure  of  the  stimulated  Brillouin  scattering. 
LRS  provides  for  the  amplification  of  the  induced  Rayleigh  scattering  components  without 
distortion  of  spectral  line  shape  within  the  ring  laser.  Kr ivoshchekov  et  al.^  reported 
LRS  theoretical  and  experimental  analysis,  using  a  ruby  laser  as  an  emitter,  and  showed 
potentialities  of  this  method.  However,  the  feasibility  of  other  light  sources  for  that 
matter  has  not  been  studied. 


The  object  of  the  present  report  is  to  consider  statistical  and  spectral  characteristics 
of  a  dye  ring  laser  with  an  injected  signal  since  the  knowledge  of  these  properties  appears 
to  be  essential  in  designing  LRS  experiments.  The  results  obtained  show  the  possibility 
of  changing  the  spectral  properties  of  the  laser  in  the  counterpropagating  regime.  In 
particular,  the  emission  linewidth  can  be  decreased  by  increasing  the  injected  intensity. 
The  maximum  narrowing  is  limited  by  the  existence  of  the  noise-induced  transition  between 
the  laser  modes  and  determined  by  the  equality  of  time  scale  for  the  first-passage  time 
(FPT)  and  the  time  required  for  the  steady-state  laser  spectrum  to  develop. 

A  dye  ring  laser  with  an  injected  signal  also  permits  an  experimental  observation  of 
short  switching  times  for  the  lasing  regimes.  Importantly,  short  FPT's  can  be  achieved 
for  high  pumping  power.  It  should  be  noted  that  FPT  in  dye  lasers  tends  to  shorten  only 
when  the  pumping  level  is  reduced. However,  low  pumping  values  lead  to  considerable 
color  noise,  which  precludes  from  consistent  analytical  investigation  of  large  statistical 
fluctuations. 

In  the  discussion  below  the  formula  for  FPT  in  a  injection-locked  dye  ring  laser  is 
reported.  Also  examined  is  an  unconventional  exponential  dependence  that  occurs  when  the 
laser  detuning  is  taken  into  account. 
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Dynamical  Behavior  of  Injection-Locked  Dye  Ring  Laser 


The  equation  of  motion  for  the  coherent  amplitudes  Zg  of  the  counterpropagat ing  waves 
in  a  homogeneously-broadened  dye  ring  laser  with  an  injected  signal  are  given  by  the 
relations®: 


1  ^  ^  ^ 
V  0t  az*' 


(1) 


where  v  is  the  cavity  linewidth.  The  right-hand  side  of  Eq,  (1)  is  represented  as  a  gra¬ 
dient  of  the  complex-valued  potential  $  due  to  the  choice  of  the  laser  model,  assuming 
that  the  lasing  frequency  coincides  with  the  injected  frequency  cj. 


In  this  case 


?  =  (1  +  i6)0,  a  = 


«o  - 
1  +  6' 


r.  ^  = 


^o 


(1  +  62)2' 
2/n. 


(2) 


^  (-  a  +  (^/2){|Zq|2  +  2|Z_q|2)^  |Zq|2  ^  ° (ReZ+  -  61nZ+). 


Here  6  =  (<j  -  is  detuning  from  the  atomic  transition  frequency  is  the  limi- 
nescence  linewidth;  a^,  are  the  pimping  and  saturation  parameters,  respectively;  n^  is 
the  injected  photon  number. 


The  dynamic  behavior  of  the  laser  radiation  is  considered  in  the  coordinates 

Z+  =  X  +  iy,  Z_  =  ze^*. 


(3) 


Eq,  (1)  rewritten  in  this  coordinate  system  have  the  form 


*  -  -  2  -  *3J  ]■  '  ■ 

.  _  t>  (  3 <t>  34> 

^  2  \  3y  ®3x  /  '  * 


V  30 
2  dz’ 

y  6  30 
2  z  3z‘ 


The  simultaneous  Eqs,  (4)-(5)  contain  an  integral  of  motion 

i  -  61nZ  =  Const 

There  are  a  few  steady-state  solutions  to  Eqs.  (4)-{5)  but  only  two  stationary  points 
specify  steady-state  laser  operation  in  the  running  wave  and  counterpropagat ing  wave 
regimes. 

The  metastable  state  with  coordinates 

*1  “  (®1  ^  ^  yi  “  -Sxj,  Zi  =  (h  -  2x^)(l  +  62) 


(4) 


(5) 


(6) 


(7) 
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corresponds  to  the  counterpropagating  wave  mode.  Here  n  =  (a^  -  6^)/^^  is  the  photon  num¬ 
ber  in  the  wave  (in  case  n^  =  O) ;  the  angle  given  by  the  relations 


Cos  3^2^ 


4  <“o  “ 


0  £ 


(8) 


The  running  wave  regime  (the  wave  Z+  follows  the  direction  of  propagation  of  the 
injected  signal)  is  characterized  by  the  stationary  point 

2/n  /  ^  \  fnZ 

Xo  =  —cos  i^o  -  3  j'  yo  =  -«*o'  Zo  =  O,  Cos3^o  =  I  <  (9) 

For  no  injected  signal  (n^  ->  O)  the  counterpropagating  mode  is  replaced  by  the  running 
regime  (the  wave  Z_  travels  in  the  opposite  directions). 


A  specific  feature  of  the  bistable  laser  behavior  model  is  the  existence  of  the  transi¬ 
tion  between  the  classical  lasing  modes.  The  steady-state  transition  trajectory  passes 
through  the  saddle  point 


*s  “  J  t^nCos02,i  Ys  ~  "^Xjj,  z|  =  (n  -  2x|){l  +  6^).  (10) 

The  lasing  condition  reads  Uq  >  8^.  The  region  where  the  counterpropagating  regime  is 
found  to  occur  is  determined  by  the  relation  Uq  <  n^,.  Figure  1  shows  the  injected  photon 
number  n^  and  the  square  of  detuning  8^  for  which  the  counterpropagating  operation  is  sta¬ 
ble  (the  region  under  the  curves  Oq  *  0.1  and  0.01).  It  should  be  pointed  out  that  under 
curve  A,  the  stationary  point  (7)  is  a  node,  while  above  curve  A  it  is  converted  into  focus, 
corresponding  to  the  escape  from  the  frequency-locking  regime.^ 


Fig.  1 
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The  knowledge  of  the  potential  ^  appears  to  simplify  the  analysis  of  the  statistical 
properties  of  the  injection-locked  dye  ring  laser  radiation.  It  is  known  that  the  mean 
laser  intensity,  field  correlations,  laser  fluctuation  spectra  are  entirely  determined  by 
the  power  series  expansion  coefficients  for  the  potential  in  the  neighborhood  of  the  sta¬ 
tionary  points. The  expansion  of  the  potential  up  to  the  second-order  terms  (Ax^  =  x  - 
x^,  e  =  l,s)  is  given  by  the  formula 


0  s  +  a*^(AXj)2  +  +  2a^2AXj^z^  +  ...  (11) 

with  the  coefficients  aj^j  of  the  form 

an  =  ((n  -  x^)(l  +  6^)  -  26^x^)^,  a^2  ~  ~26/3x^,  83  =  2(1  +  6^)(h  -  2x^)0, 
a22  =  ((n  -  x^)(l  +  6^)  +  26^x^)P,  833  =  4^xz,  833  =  -46/?x2. 


The  height  of  the  potential  barrier  surmounted  by  the  system  during  the  transition  induced 
by  large  statistical  fluctuations  is  a  critical  parameter  that  specifies  the  PPT  exponen¬ 
tial  part.  When  the  counterpropagating  mode  switches  over  to  the  running  wave  regime  the 
barrier  height  can  be  found  from  the  expansion 

=  |0(n+s  ■  "+!>'  =  x2  +  y2.  (13) 


Steady-State  Fluctuation  Spectra 

The  fluctuation  properties  of  the  laser  radiation  are  discussed  on  the  basis  of  the 
model  of  a  laser  with  no  detuning. This  simplifying  assumption  does  not  impose  any 
stringent  restrictions  except  for  the  calculation  of  the  mean  FPT  where  the  extension  to 
include  the  nonresonance  is  not  trivial. 


Running  Wave  Regime 


In  the  vicinity  of  the  steady  state  (9)  the  spectral  laser  fluctuation  density  is  given 
by  the  formulae; 


(6z2)-  =  _ 


(w  -  u-,)^  +  a^ 


(w  -  +  b^ 


-  <6Z?)(3 


2d 


(£3 


(14) 


where  a  =  av{l  +  20056^) ,  b  =  ^^(2Cos29q  -  1),  c  =  ^(1  400826^),  d  is  the  diffusion 

coefficient. 


The  laser  linewidth  due  to  amplitude  fluctuations  is  found  to  increase  with  the  injected 
intensity. 

Counterpropagating  Modes 

In  the  neighborhood  of  the  steady  state  (7)  the  laser  fluctuation  characteristics  are 
of  special  interest  because  of  the  anticorrelation  of  the  amplitude  fluctuations.  The 
fluctuation  properties  are  determined  by  the  relations; 
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A  =  £i^(3n_;^  +  n+j),  B  =  /(n.i  -  n+i)^  +  64n^.in_i. 


(15) 


(16) 


(17) 


Eq.  (15)  shows  the  spectral  tluctuation  density  to  be  the  sum  of  the  three  Lorentzian  lines. 
The  third  line  results  from  the  wave-phase  fluctuations.  For  the  wave  Z:;  the  line  con¬ 
tributing  to  the  wing  of  the  spectrum  has  a  width  of  =  A  +  B,  whereas  the  pedestal  is 
formed  by  a  narrow  line  with  a  width  Acj.  =  A  -  B.  The  phase  fluctuations  are  responsible 
for  the  central  part  of  the  spectrum. 


Fig.  2  The  laser  linewidth  due  to  the  amplitude  fluctuations  versus  the  injected 
signal  intensity,  a  is  the  pump  parameter,  p  is  the  saturation  parameter, 
n  =  a. 

P 

The  linewidth  variations  characterizing  the  spectrum  with  an  injected  output  are 
depicted  in  Fig.  2.  For  low  intensity  ng  the  contributions  from  the  amplitude  and  phase 
fluctuations  are  approximately  the  same,  whereas  for  n^  falling  at  the  neighborhood  of  the 
critical  point  n^,  the  shape  of  the  peak  is  entirely  determined  by  the  line  with  width  Aoj_. 
The  maximum  narrowing  is  limited  by  the  time  scale  of  large  statistical  fluctuations,  i.e. 
the  following  equality  is  valid 


(18) 
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where  T  is  FPT.  Figure  3  plots  the  laser  fluctuation  spectrum  as  a  function  of  the 
injected  output.  The  curves  show  the  feasibility  of  controlling  the  laser  spectral 
parameters  by  means  of  a  weak  injected  signal. 


^  3  ^  i 


Fig.  3.  Counterpropagating  mode  fluctuation  spectra  as  a  function  of  n^  in  units 

n^.  ( 1  -  n.  =  0.01  nj,,  2  -  0.09,  3  -  0.25,  4  -  0.49,  5  -  0.81).  v  is  the  cavity 

linewidth,  d  is  the  diffusion  coefficient,  Zg  is  the  coherent  amplitude  (q  =  +) . 


Large  Statistical  Fluctuations 


By  large  statistical  fluctuations  we  mean  fluctuations  causing  steady-state  transitions 
to  occur.  The  main  quantity  characterizing  the  fluctuations  is  the  mean  first-passage 
time  T  which  is  the  solution  to  Pontryagin's  equation-^-’ ; 


+  2x  ^  +  2y  -^  + 
9x  9y 


2 

V 


(19 


The  solution  of  Eq.  (19)  based  on  the  hypothesis  of  the  most  probable  transition  tra¬ 
jectory  is  derived  elsewhere. The  mean  FPT  formula  reads 


where 


IT  r 
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+1*^-1 
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^exp  ^ 
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(afi  +  ®33  ^^^11  ~  ®33^^  ^ 
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where  A0  is  the  barrier  given  by  the  Eq.  (13)  for  5=0. 


The  effect  of  detuning  of  FPT  for  an  injection-locked  dye  ring  laser  can  be  calculated 
with  an  exponential  accuracy.  Clearly,  the  potential  barrier  height  is  effectively 
increased 

„  /a0(  1  +  6^)  \ 

T  .  exp  - - -  j. 

In  conclusion,  the  difficulty  of  calculating  the  preexponential  factor  stems  from  the 
fact  that  the  dimensionality  of  Eq.  (19)  is  increased.  To  solve  the  problem  would  require 
additional  hypothesis. 


1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 
12. 

13. 

14. 


References 

A.  A.  Kachanov,  T.  V.  Plakhotnik,  Opt.  Comm.  47,  257  (1983). 

H.  Atmanspacher ,  H.  Scheingraber ,  C.  R.  Vidal,  Phys.  Rev.  32A,  254  (1985). 

G.  V.  Krivoshchekov,  M.  F.  Stupak,  Kvantov.  Electronika  2,  782  (1975). 

G.  V.  Krivoshchekov,  V.  K.  Makukha,  V.  H.  Semibalamut,  V.  S.  Smirnov,  Kvantovaja 
Electronika  3,  1782  (1976). 

R.  Roy,  R.  Short,  J.  Durnin,  L.  Mandel,  Phys.  Rev.  Lett.  45,  1486  (1980). 

P.  Lett,  L.  Mandel,  JOSA  B2,  1615  (1985). 

S.  Zhu,  A.  W.  Yu,  R.  Roy,  Phys.  Rev.  34A,  2044  (1986). 

R.  F.  Boikova,  E.  E.  Fradkin,  Optika  Spectroskopi ja  22,  834  (1967). 

G.  V.  Krivoshchekov,  V.  K.  Makukha,  V.  S.  Smirnov,  M.  F.  Stupak,  Avtometrija  6,  64 
(1974). 

L.  D.  Landau,  E.  M.  Lifshitz,  Statistical  Physics,  Moscow,  1976. 

V.  S.  Smirnov,  A.  Z.  Fazliev,  Izvestija  VUZ'ov,  Fizika  30,  120  (1987). 

V.  S.  Smirnov,  A.  Z.  Fazliev,  Optika  i  Spectroscopia,  (1987). 

L.  S.  Pontryagin,  A.  A.  Andronov,  A.  A.  Witt,  Exp.  Teor.  Fiz.  3,  165  (1933). 

.  S.  Smirnov,  A.  Z.  Fazliev,  Opt.  Comm,  (to  be  published). 


RECENT  RESULTS  IN  VUV  LASER  SPECTROSCOPY 


C.  R.  Vidal 

Max-Planck-Institut  fiir  extraterrestrische  Physik 
8046  Garching,  West  Germany 


Abstract 


A  short  summary  describing  the  technical  parameters  of  typical,  state  of  the  art  vuv  sources  is  given  followed 
by  a  brief  review,  which  is  restricted  to  the  most  recent  developments  in  vuv  laser  spectroscopy. 

Introduction 


In  recent  years  the  field  of  vaccum  ultraviolet  (vuv)  laser  spectroscopy  has  matured  to  a  point  where  it  has 
promoted  the  field  of  laser  spectroscopy  to  new  spectral  areas.  This  field  requires  first  of  all  the  ability  to  gener¬ 
ate  tunable  coherent  vacuum  ultraviolet  sources  of  sufficiently  small  linewidth  and  then  to  apply  them  to  the  nu¬ 
merous  techniques  of  laser  spectroscopy  where  the  wavelength  region  of  the  vacuum  ultraviolet  tends  to  favour 
different  mehods  than  in  the  visible  part  of  the  spectrum.  It  is  by  no  means  intended  to  provide  an  exhaustive 
coverage  of  the  field  of  vuv  laser  spectroscopy  since  extensive  reviews  have  just  become  available. 

Coherent  Vacuum  UV  Sources 


Coherent  vuv  sources  can  basically  be  generated  in  two  different  ways.  First  of  all,  in  systems  like  the  H2  and 
the  CO  lasers  or  the  noble  gas  excimer  lasers  substantial  population  inversions  can  be  achieved,  and  these  systems 
are  able  to  provide  peak  output  powers  well  in  excess  of  several  megawatts.  However,  these  laser  systems  have 
only  a  very  limited  tuning  range  and  a  large  linewidth  and  are  therefore  not  very  suitable  for  high  resolution  laser 
spectroscopy.  For  the  latter  application  coherent  vuv  sources  using  the  methods  of  four  wave  mixing  in  gases  have 
proven  to  be  by  far  superior.  These  methods  have  recently  been  reviewed  by  3amroz  and  Stoicheff^,  by  Vidal^,  and 
by  Hilbig  et  al.3. 

Since  these  extensive  surveys  a  few  important,  new  developments  have  occurred  which  are  worth  mentioning. 
Using  the  technique  of  pulsed  nozzle  beams*^  for  eliminating  the  window  problem,  Kung  and  coworkers  succeeded  to 
build  highly  efficient  vuv  sources  covering  the  XUV  spectral  region  below  the  lithium  fiuoride  cut  off  limit  around 
106  nm*.  Compared  to  differentially  pumped  systems  pulsed  nozzle  beams  have  the  great  advantage  that  these 
windowless  systems  require  moderate  pumping  powers  because  the  nonlinear  medium  is  only  "switched  on"  during  the 
duration  of  the  iaser  pulses  suoplying  the  fundamental  waves.  Similar  results  have  also  been  reported  by  Hilber  et 
al.^,  who  investigated  pulsed  nozzle  beams  and  a  differentially  pumped  gas  cell  containing  krypton  which  had  a  pin 
hole  at  the  detector  end  of  the  gas  cell.  Systems  of  this  kind  are  presently  able  to  provide  a  linewidth  of  about 
0.1  cm'l  and  smaller  and  typically  lO^O  to  10^^  photons  per  shot  at  a  repetition  rate  of  a  few  Hz.  This  is  an 
ample  intensity  for  many  techniques  in  laser  spectroscopy.  In  addition,  accurate  calibrations  of  the  absolute 
wavelength  can  easily  be  performed  by  calibrating  the  fundamental  waves  against  the  secondary  length  standards  of 
the  iodine  or  tellurium  molecules^. 


In  view  of  a  recent  study  on  the  short  wavelength  limitations  of  four  wave  mixing  in  metal  vapor  inert  gas 
mixtures^,  it  may  appear  surprising  that  the  two-photon  resonant  sum  frequency  mixing  in  krypton  turns  out  to  be 
so  efficient.  As  an  explanation  one  has  to  keep  in  mind  that  krypton  around  70  to  100  nm  is  almost  an  ideal  "low 
loss  medium"  as  postulated  by  3unginger  et  al.°  having  a  small  one-photon  as  well  as  a  small  two-photon  absorption 
cross  section  so  that  one  obtains  a  rather  favourable  figure  cf  merit^.  This  is  a  direct  consequence  of  the  location 
of  the  resonance  line  which  tends  to  lower  the  two-photon  absorption  cross  section  as  well  as  the  sum  frequency 
mixing  coefficient.  The  latter  two  quantities  are  responsible  for  the  figure  of  merit. 


Using  the  fundamental  equations  of  nonlinear  optics  and  different  normalized  density  profiles  characterizing 
pulsed  nozzle  beams,  Bethune  and  Rettner*®  succeeded  to  obtain  a  reasonable  agreement  with  the  experiments.  The 
results  are  remarkable  because  pulsed  nozzle  beams  operating  with  krypton  alone  are  by  no  means  homogeneous  and 
phase  matched  nonlinear  media  and  it  is  somewhat  surprising  that  these  inhomogeneous  media  with  a  fairly  small 
column  density  are  capable  of  achieving  the  reported  conversion  efficiencies.  The  influence  of  inhomogeneities  on 
the  phase  matching  was  first  investigated  by  Puell  et  al.*^»^^  for  nonlinear  media  with  density  gradients  at  the 
ends  which  give  rise  to  an  asymmetry  of  the  phase  matching  curve,  but  do  not  noticeably  lower  the  maximum 
overall  conversion  efficiency. 


Vacuum  UV  Laser  Spectroscopy 

The  previously  indicated  laser  systems  have  in  recent  years  been  extensively  used  in  various  laboratories  to 
perform  laser  spectroscopy  in  the  vacuum  ultraviolet  part  of  the  spectrum  as  reviewed  by  Vidall3_  rnention 

in  the  following  only  some  of  the  recent  developments. 
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In  trying  to  reach  atomic  or  molecular  energy  levels  above  6  eV  multiphoton  spectroscopy  was  the  first  laser  spec¬ 
troscopic  method  used.  Later  two  step  exitation  methods  have  also  been  successfully  used  which  in  conjunction  with 
coherent  vacuum  uv  sources  had  the  additional  virtue  of  pushing  the  effective  cutoff  limit  well  beyond  the  lithium 
fluoride  limit  around  106  nm^^.  As  first  shown  in  the  visible  part  of  the  spectrum,  two  step  excitation  experiments 
or  as  they  are  also  called,  two  colour  optical  optical  double  resonance  experiments! 5,  have  the  valuable  property  of 
being  a  state  selective  method.  It  has  been  for  this  reason  that  Miyazaki  et  al.!^  tried  to  perform  state  selective 
spectroscopy  on  highly  excited  states  by  making  optogalvanic  double  resonance  experiments  in  which  the  collisional 
excitation  in  a  plasma  gives  simple  and  cheap  access  to  highly  excited  states.  Unfortunately,  due  to  the  large 
Coulomb  cross  sections  the  collisional  coupling  of  the  laser  excited  state  with  its  surrounding  states  is  so  large  that 
state  selectivity  could  only  be  demonstrated  at  very  low  electron  densities  on  the  example  of  the  N2  molecule!^ 
where  the  collisional  rates  were  minimized. 


In  this  context  it  is  now  worth  noting  that  Danzmann  et  al.!^  have  recently  succeeded  to  perform  Doppler-free 
two-photon  polarization  spectroscopy  in  an  arc  plasma.  The  result  of  their  experiments  are  shown  in  Fig.  1  where 
the  Lyman  a  profile  of  hydrogen  is  shown  for  an  electron  density  of  5  x  and  a  temperature  of  11  000  K. 


=  xxxx  meosured 

T  =  11000  K  - cQlcdloted 


Figure  1;  Lyman  a  line  profile  obtained  with  Doppler- 
free  two-photon  polarization  spectroscopy.  The  measure¬ 
ments  are  taken  from  Danzmann  et  al.*^. 


In  this  case  the  thermal  Doppler  profile  would  have  been  about  twice  as  wide  as  the  measured  Stark  broad- 
enend  profile  of  Fig.  1.  For  practical  applications  this  result  is  extremely  valuable  because  it  allows  one  to  deter¬ 
mine  the  electron  density  even  for  situations  where  the  Stark  width  is  much  smaller  than  the  Doppler  width  and 
where  a  deconvolution  would  be  rather  inaccurate.  In  addition,  the  Lyman  a  line  has  the  virtue  of  being  theoret¬ 
ically  the  simplest  one  among  all  hydrogen  lines. 

In  the  light  of  the  two-step  excitation  experiments  the  Doppler-free  results  are  very  interesting  also  from  a 
different  point  of  view.  In  the  new  method  the  measured  signal  is  generated  by  the  instantaneous  electric  field 
amplitudes  which  give  rise  to  the  two-photon  absorption,  whereas  the  two-step  excitation  relies  on  the  time  inte¬ 
grated  population  densities  which  have  been  accumulated  in  the  intermediate  state  up  to  the  time  interrogated  by 
the  second  laser  and  which  is  therefore  very  susceptible  to  a  collisional  population  from  neighbouring  states  and  to 
velocity  changing  collisions. 

With  the  new  technique  employing  two-photon  absorption  one  can  anticipate  state  selective  experiments  on 
highly  excited  states  which  in  some  applications  remove  the  necessity  of  performing  experiments  in  the  vacuum 
ultraviolet  part  of  the  spectrum.  In  particular,  one  might  be  able  to  perform  state  selective  experiments  on  highly 
excited  states  in  plasmas  such  as  highly  excited  states  in  refractory  metals  or  other  sputtered  materials. 
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In  their  two-step  excitation  experiment  Klopotek  and  Vidal  I**  have  demonstrated  for  the  first  time  a  technique  in 
the  vacuum  uv  which  they  call  "laser  reduced  fluorescence".  In  this  method  the  fluorescence  from  the  intermediate 
state  which  has  been  populated  in  the  first  excitation  step,  is  modfied  by  the  laser  excitation  in  the  second  step.  In 
particular,  the  fluorescence  from  the  intermediate  state  may  be  strongly  reduced  pumping  an  autoionizing  or  pre¬ 
dissociating  state  in  the  second  step.  Recently,  this  technique  has  been  used  again  by  Spong  et  al.^^  conven¬ 
iently  analyzing  core-excited  levels  of  neutral  rubidium  which  are  otherwise  difficult  to  reach. 


In  trying  to  push  the  vacuum  uv  laser  spectroscopy  further  into  the  xuv  range  Kung  et  al.20  succeeded  to 
perform  spectroscopy  on  the  Rydberg  states  of  H2  by  stepwise  resonant  two-photon  ion  pair  production  obtaining 
Fano-line  profiles  and  lifetimes. 


As  a  natural  extension  of  the  fluorescence  measurements,  Strobl  and  Vidal^l  performed  lifetime  measurements 
of  individual  rotational  vibrational  levels  of  the  perturbed  a'^  z  +(v=14)  and  the  e’  r  ~{v=5)  states  of  the  CO  mol¬ 
ecule.  For  this  application  the  state  selectivity  is  absolutely  essential.  The  results  of  their  measurements  are  shown 
in  Fig.  2.  Depending  on  the  interaction  of  the  singlet  and  triplet  states,  the  lifetimes  of  neighbouring  levels  may 
vary  significantly  giving  rise  to  a  very  intricate  pressure  dependence  which  defies  a  simple  Stern  Vollmer  analysis. 
For  this  reason  all  measurements  were  done  under  collision  free  conditions  using  a  pulsed  nozzle  beam  or  a  low 
pressure  gas  cell  working  at  a  pressure  of  about  5  mTorr  and  lower.  As  is  well  known,  lifetime  measurements  are 
the  most  sensitive  method  of  detecting  weak  perturbations  of  individual  levels  and  are  certainly  more  sensitive  than 
the  detection  of  energy  level  perturbations.  Figure  3  shows  the  inverse  effective  .lifetimes  as  a  function  of  pressure. 
It  should  be  noted  that  at  elevated  pressures  the  temporal  decay  of  individual  levels  cannot  be  fitted  by  single 
exponential  decays.  This  indicates  a  rather  extensive  coupling  between  levels  of  sufficiently  different  lifetimes. 
Levels  with  longer  (shorter)  lifetimes  than  the  lifetime  of  the  level  to  be  investigated,  act  as  reservoirs  (sinks) 
which  supply  (remove)  additional  population  density  extending  (shortening)  the  measured  radiative  decay  rates.  It  is 
for  this  reason  that  a  state  selective  measurement  of  individual  triplet  levels  is  absolutely  crucial  and  this  experi¬ 
ment  serves  as  another  striking  example  to  demonstrate  the  new  possibilities  of  vuv  laser  spectroscopy. 
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Figure  2.  Measured  and  fitted  radiative  lifetimes  for 
three  different  fine  structure  components  of  the 
Z  ■(v=5)  state.  The  measurements  are  taken  from 
Strobl  and  Vidal^l. 


Figure  3.  Anomalous  pressure  dependence  of  the 
inverse  effective  lifetime  for  several  levels  of  the 
a'3  ;;  ■'■(v=14)  state.  The  measurements  are  taken 
from  Strobl  and  Vidal^l. 
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The  rather  limited  scope  of  this  review  served  primarily  the  purpose  of  indicating  future  trends  and  new  develop¬ 
ments  in  vuv  laser  spectroscopy,  and  it  also  becomes  evident  that  due  to  the  different  spectral  range  with  its  very 
different  spectroscopic  technology,  other  techniques  will  be  favoured  compared  to  the  visible  part  of  the  spectrum. 
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UPCONVERSION  COEFFICIENT  MEASUREMENT  IN 
Tm3+ ,Ho3+ :yaG  AT  ROOM  TEMPERATURE 


G.  Kintz,  I.  D.  Abella,*  and  L.  Esterowitz 
Naval  Research  Laboratory 
Washington,  DC  20375 


Abstract 


Energy  transfer  processes  in  rare  earth  doped  crystals  are  very  important  in  understand¬ 
ing  the  laser  properties  of  these  materials.  Recently,  laser  diode  pumping  of  solid-state 
laser  materials  has  renewed  interest  in  the  study  of  energy  transfer  in  rare  earth  doped 
crystalline  hosts.  In  codoped  thulium-holmium  YAG,  an  energy  transfer  process,  upconver- 
sion,  is  important  in  determining  the  threshold  for  continuous-wave  laser  emission  at 
2.1um  with  laser  diode  pumping  as  well  as  the  storage  capacity  of  this  material  for 
Q-switched  operation.  The  upconversion  from  the  upper  laser  level  in  the  holmium  ion  acts 
as  a  loss  mechanism  affecting  the  room  temperature  2.1um  laser  output.  Spectroscopic 
measurement  of  the  dominant  upconversion  process  in  four  different  concentrations  of 
Tm,Ho:YAG  are  conducted.  The  concentration  dependence  of  the  upconversion  effect  indicates 
that  the  mechanism  is  a  dipole-dipole  interaction. 


Introduction 


Upconversion  or  cooperative-luminescence  to  higher  energy  states  in  rare-earth  doped 
crystals  can  be  an  important  process  in  determining  the  laser  performance  in  many  materials. 

It  has  also  been  shown  that  upconversion  can  populate  the  upper-state  laser  levels  not 
normally  reached  by  direct  laser  pumping.  In  some  cases,  however,  upconversion  can  act 

as  a  loss  mechanism  by  depopulating  the  upper  laser  state,  which  increases  the  threshold, 
as  in  the  room  temperature  operation  of  Tm^+rYAG  at  2.1ym.°'3  To  optimize  laser  design 
parameters  such  as  sensitizer  and  activator  concentrations,  it  is  important  to  characterize 
the  upconversion  process  by  a  detailed  measurement.  In  this  paper,  we  report  experimental 
measurements  of  the  upconversion  coefficient,  a,,  for  four  samples  of  Tm3+ ,ho^'*' :  YAG  with 
different  concentrations.  The  analysis  is  based  on  the  solutions  of  the  rate  equations 
modelling  the  populations  of  the  interacting  levels  in  the  Tm-Ho  system.  The  four  concen¬ 
trations  of  Tm,Ho:YAG  are  listed  in  Table  1. 


Ho3+  Tm3+  Tm^+  no^+ 


Fig.  1.  The  pumping  diagram  for  the  Tm,  Ho: YAG  system. 
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Energy  Transfer  in  the  Tm-Ho  System 

The  relevant  energy  levels  of  the  Ho3+:YAG  system  are  shown  in  Fig.  1.  Several 

energy  transfers  are  important  in  the  operation  of  this  system  with  laser  diode  pximping. 

In  addition  to  upconversion ,  cross-relaxation  and  non-resonant  energy  transfer  affect  both 
the  laser  properties  of  this  system  as  well  as  the  analysis  of  the  data  in  the  upconversion 
measurement . 

The  first  energy  transfer  process  important  in  this  laser  system  is  the  cross-relaxation 
from  the  3h4  level.  The  absorbs  the  pump  light  from  the  laser  diode.  The  cross¬ 
relaxation  process  produces  two  excited  thulium  ions  in  the  level  for  each  ion  excited 

to  the  level.  The  quantum  efficiency  of  the  pumping  process,  np ,  is  not  the  same  for 

each  sample  due  to  the  concentration  dependence  of  the  cross-relaxation  process.  At  high 
concentrations,  the  quantum  efficiency  of  the  pumping  process  approaches  two.  Laser 
experiments  have  shown  that  np  is  at  least  1.76  in  the  5.7%  Tm,  0.36%  Ho:YAG  sample. 10 
Calculations  based  on  the  lifetime  measurements  of  the  3h^  level,  the  known  radiative 
branching  ratios,  the  low  concentration  lifetime,  and  the  multiphonon  decay  rates  from  the 
3h4  level,  estimate  the  quantum  efficiency  of  the  pumping  process  to  be  1.9  for  the  5.7%, 
0.36%  Ho:YAG  sample.  An  estimation  of  the  quantum  efficiency  of  the  pumping  process  for 
each  sample  is  shown  in  Table  1 . 

The  second  important  energy  transfer  process  in  this  system  is  the  non-resonant  energy 
transfer  between  excited  ions  in  the  thulium  3F4  level  and  the  holmium  level.  If  the 

transfer  between  the  thulium  and  holmium  ions  is  rapid  compared  to  the  lifetime  of  the 
thulium  and  holmium  levels,  the  levels  can  be  treated  as  being  in  thermal  equilibrium. 31 
The  populations  of  each  ion  can  be  calculated  using  a  Boltzmann  distribution  over  the 
individual  Stark  levels  of  each  ion.  The  fractional  populations,  frm  and  /ho  /  in  each  ion 
compared  to  the  total  population  in  the  thulium-holmium  manifold  for  each  concentration  are 
calculated  and  shown  in  Table  1. 

The  measured  upconversion  process  is  shown  in  Fig.  2.  An  ion  in  the  ^l^  level  of  holmium 
interacts  with  a  thulium  ion  in  the  3f^  level.  The  thulium  ion  decays  to  the  ground  state 
while  the  holmium  ion  is  excited  to  the  ^15  level.  The  holmium  ^15  level  decays  back  to  the 
Tm-Ho  manifold  by  the  emission  of  phonons,  with  a  quantum  efficiency  of  near  unity.  Because 
of  the  loss  of  excitation  out  of  the  Tm-Ho  manifold  (i.e.  the  upper  laser  level)  this  pro¬ 
cess  is  a  loss  mechanism  and  raises  the  threshold  for  a  continuous-v;ave  laser  and  decreases 
the  storage  capacity  of  the  level. 

A  second  upconversion  process  involves  an  ion  in  tte  ^i.^  level  in  holmium  and  a  ion  in  the  ^H4  level  in 
j^ulium  which  results  in  green  fluorescence  fron  the  ^$2  level  in  holmium.  Ihere  is  rapid  decay  frcr\  the 
^H^  pump  i>and  due  to  the  cross-relaxation  process  so  that  we  can  ignore  the  second  upconversion  process  in 
the  analysis  of  the  data.  Observations  of  the  fluoresence  fjorn  the  ^H4  level  in  the  5.7%  lYn,  0.36%  Ho 
sample  also  indicate  that  this  is  not  an  important  process.!^  Ignoring  this  upconversion  effect  may  not  be  a 
valid  approximation  for  the  1.5%  Iln,  0.2%  Ho  sample  due  to  the  long  lifetime  of  the  ^H4  level  ('i  =  400  }js)  at 
this  lew  thulium  concentration. 


Tm3+ 


Fig.  2.  The  upconversion  process  measured  in  the  experiment. 
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The  rate  equation  describing  the  time  dependence  of  the  population  in  the  thulium- 
holmium  manifold,  nj^  ,  can  be  written,  ^2 


The  upconversion  loss  term  depends  on  the  product  of  the  populations  of  the  holmium 
the  level  and  the  thulium  ions  in  the  level.  The  quantum  efficiency,  tj-  of 
decay  from  the  ^15  level  to  the  Tm-Ho  manifold  is  assumed  to  be  1.  The  lifetime  of 
Ho  manifold,  x,  is  measured  and  shewn  in  Table  1.  The  pump  rate,  1^ ,  is  calculated 


ions  in 
the 

the  Tm- 
via 


iQpTJp 

hUp 


(2) 


where  I  is  the  intensity  of  the  pump  beam,  is  the  absorption  coefficient  of  the  pump 
beam,  and  hVp  is  tiie  energy  of  the  pump  photons.  In  steady-state  the  equation  can  be 
readily  solved, 

""1  ^  2airp/j^^/^^T2)2  -  1).  o) 

The  fluorescence  from  the  Tm-Ho  manifold  is  proportional  to  nq.  In  the  analysis  of  the 
data,  the  fluorescence  intensity  is  plotted  verses  FpX . 


Sample 

T  (  ms  ) 

Vp 

fuo 

fxm 

a  (cm^s  *) 

5.7%  Tm,  0.36%  Ho 

8.5 

1.9 

0.57 

0.43 

(  3.0  ±  1.2  )  X  10-^^ 

5.7%  Tm,  0.06%  Ho 

12 

1.9 

0.18 

0.82 

(  1.1  ±  0.4  )  X  10"^^ 

10%  Tm,  0.1%  Ho 

8 

2.0 

0.17 

0.83 

(  2.9  ±  1.2  )  X  lO-^’’ 

1.5%  Tm,  0.2%  Ho 

10 

1.2 

0.74 

0.26 

(  0.8  ±  0.3  )  X  10-'^ 

Table  1 

Experimental  Set-up 

The  experimental  set-up  is  shown  in  Fig.  3.  A  200  mW  laser  diode  array  is  used  as  the 
pump  source.  The  beam  is  collected,  collimated  and  focused  into  the  sample.  The  incident 
power  was  measured  for  each  data  point,  and  for  each  sample  the  absorption  coefficient  was 
measured.  A  i  <=lit-  was  used  to  restrict  the  observed  region  in  the  samples.  The 
fluorjscence  signal  was  filtered  by  a  Ge  filter  and  focused  onto  an  InAs  detector.  The 
signal  was  measured  with  an  oscilloscope.  The  beam  parameters  were  measured^^  then  were 
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calculated  for  a  focus  at  the  slit  in  the  YAG  sample  (n=  1.8) .  Using  the  absorption 
coefficient,  the  incident  power,  and  the  pumping  geometry  in  the  region  of  observation,  the 
average  pump  rate  was  calculated.  The  signal  was  then  plotted  versus  the  average  pump  rate 
in  the  sample.  The  fluorescence  signal  as  a  function  of  pump  rate  times  the  lifetime  of  the 
manifold  for  the  10%  Tm  0.1%  Ho  sample  is  shown  in  Fig.  4.  The  steady-state  solution  to  the 
rate  equation  was  used  to  fit  the  data  points  with  a  weighted  least  squares  program.  The 
calculated  values  of  aj  are  shown  in  Table  1.  The  average  pump  rate  in  the  crystals  is  not 
well  known  due  to  the  complicated  spatial  distribution  of  the  laser  diode  array.  This  is  a 
major  source  of  error  in  the  experiment  and  accounts  for  the  large  uncertainty  in  . 


Laser  Diode  Tm,Ho:YAG 

crystal 


Fig.  3.  The  Experimental  Set-up 


In  a  separate  experiment,  the  upconversion  coefficient  was  measured  for  the  5.7%  Tm, 

0.36%  Ho  sample  using  the  time  dependent  solution  to  the  rate  equation  describing  the 
population  in  the  Tm-Ho  manifold.  A  Q-switched  Alexandrite  laser  with  200  ns  pulse  duration 
was  sampled  by  an  energy  meter,  and  focused  onto  the  Tm^'^  ,Ho^"*’ :YAG  sample.  The  fluorescence 
at  1.88  uiti  was  selected  by  a  0.23  m  infrared  monochromator.  As  in  the  previous  experiment, 
the  same  collection  optics  and  slit  to  restrict  the  region  of  observation  were  used.  The 
signal  from  the  detector  was  amplified  and  recorded  by  a  transient  digitizer  averaged  over 
500  shots.  The  laser  was  operating  in  a  TEMqq  mode,  and  the  calculated  beam  waist  of  91  um 
compares  well  with  the  measured  value  using  a  scanning  pinhole.  From  the  measured  pulse 
energy,  the  measured  absorption  coefficient,  and  calculated  beam  waist,  the  distribution  of 
absorbed  photons  in  the  region  of  observation  can  be  calculated.  Six  waveforms  were  taken 
at  different  average  energies.  The  same  rate  equation  was  used  to  fit  the  time  dependent 
fluorescence  decay,  and  the  calculated  value  of  is  the  average  of  the  calculated  values 
for  each  waveform.  The  uncertainty  in  the  calculation  is  possibly  due  to  the  large  (30%) 
fluctuations  in  the  shot  to  shot  pulse  energy.  The  agreement  between  the  two  methods  is 
very  good,  for  the  time  dependent  method  =  (4  +  1)  x  10“^^  and  for  the  steady  state 
method  aj^  =  (3  +  1.3)  x  10”^"^.  The  value  of  aj  calculated  by  Fan^^  is  2.4  x  10~1^. 


Ij.r  (xU)''*  cm  ') 


Fig.  4.  Data  for  the  10%  Tm,  0.1%  Ho  sample. 
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Concentration  Dependence  of  Upconversion 


An  important  part  of  this  work  is  to  determine  the  concentration  dependence  of  this 
upconversion  process.  If  the  upconversion  process  is  a  dipole-dipole  interaction,  the 
upconversion  coefficient  should  get  larger  as  the  product  of  the  concentrations.  In  Fig.  5, 
the  upconversion  coefficient  is  plotted  verses  the  product  of  the  concentration  of  the 
thulium  and  the  holmium,  and  the  curve  is  approximately  linear.  However,  a  more  precise 
measurement  of  the  upconversion  coefficient  is  needed  to  actually  determine  the  concentra¬ 
tion  dependence.  In  addition,  the  effects  of  rapid  migration  among  the  thulium  ions^'*'^^ 
and  higher  order  electrostatic  interactions^”  may  effect  the  concentration  dependence  of  the 
upconversion . 


^Tm  ^  (%  ) 


Fig.  5.  Plot  of  the  upconversion  coefficient  verses  the  product  of  the  thulium  and  holmium 
concentrations ,  (in  %  doping  squared).  The  data  points  marked  by  circles,  *,  are  measure¬ 
ments  from  the  steady-state  experiment,  the  data  point  marked  by  a  square,  is  from  the 
time  resolved  measurement,  and  the  data  point  marked  by  an  open  circle  if  from  Ref.  12. 
The  straight  line  is  a  weighted  least  squares  fit  to  the  five  data  points  discussed  in  the 
text . 


Summary 

In  summary,  the  upconversion  coefficients  for  four  different  concentrations  of  Tm^"*" , Ho^"*" : 
YAG  are  measured.  In  addition,  a  preliminary  determination  of  the  concentration  dependence 
of  the  upconversion  effect  indicates  that  the  upconversion  involves  a  dipole-dipole  inter¬ 
action  between  the  thulium  and  holmium  ions.  The  effect  of  upconversion  on  the  laser 
performance  of  the  2.1  pm  transition  must  be  modelled  in  detail  to  optimize  the  thulium 
and  holmium  concentrations  to  achieve  the  best  performance  of  this  potentially  very 
efficient  diode  pumped  laser  system. 
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ABSTRACT 

The  critical  issiues  of  materials  selection  for  diode-pumped  miniature 
lasers  are  discussed  quantitatively  by  a  mathematical  model.  They 
include  the  emission  cross  section  and  fluorescence  lifetime  of  the 
rod,  the  spectral-matching  of  the  rod-absorption  and  diode-emission 
wavelength,  optical  coupling,  spatial (transverse  coordinate)  mode- 
overlap  of  the  pump  and  the  signal  beam,  total  cavity  round-trip  loss 
and  the  pumping  power  density.  Optimal  conditions  are  discussed  for 
low  threshold  and  high  slope  efficiency.  Various  assumptions  in 
previously  reported  model  are  removed  in  this  model  for  larger 
validily  regime  including  pumping  power  far  above  threshold.  The 
optical  materials  discussed  in  this  paper  include  the  high-efficiency 
nonlinear  crystals  of  KTP,  potassium  niobate  and  MgO-doped  lithium 
niobate.  Various  diode-pumping  schemes  including  SHG  and  sum- 
frequency-mixing  (SFM)  for  both  internal  and  external  cavity  are 
presented  for  a  variety  of  laser  host  crystals  (such  as  YAG,  YAP,  YLF, 
BeL)  in  various  dopants  (such  as  Nd,  Ho,  Er,  Tm,  Cr) .  Analytic  and 
numerical  results  for  the  threshold  power,  slope  efficiency  and  output 


power  are  presented. 


I.  INTRODUCTION 

In  this  paper  we  shall  first  discuss 
the  advantages  of  diode-pumped  lasers  and 
their  aplications.  The  critical  issues  of 
materials  selection  for  diode-pumped 
systems  including  laser  host  crystals  and 
nonlinear  crystals  are  presented  in  Section 

II.  Various  schemes  for  miniature  lasers 
using  frequency  conversion  techniques  for 
the  generation  of  IR  and  visible  coherence 
soures  are  shown  in  Section  III.  In  Section 
IV,  we  present  a  rigorous  model  which 
predicts  the  output  power  and  slope 
efficiency  in  diode-pumped  systems 
including  the  effects  of  transverse  mode 
overlap,  spot  waists  and  the  focal  geometry  ' 
of  the  pumping  and  signal  waves  and  the 
round-trip  cavity  loss.  Optimal  conditions 
for  various  system  parameters  are  derived 
within  this  model.  Finally,  tunable 
coherence  sources  using  high-efficiency 
nonlinear  crystals  such  as  KDP  and  KNbO  in 
diode-pumped  systems  are  discussed. 

ADVANTAGES  OF  DIODE-PUMPED  LASERS 

The  advantages  of  using  laser-diode  as 
a  pumping  source  versus  flash-lamp  pumping 
may  be  summarized  as  follows: 

(1)  fundamental  mode  operation, 

(2)  compact  and  long  lifetime  (10,000- 
50,000  hrs) , 

(3)  High  gain  /efficiency  and  low  threshold, 

(4)  easily  temperature-tuned, 

(5)  passive  air  cooling  of  the  pumped  rod. 

(6)  efficient  laser  mode  matching  volume 
and  very  high  pumping  density  (for 
focused  end-pumping  systems) . 


Furthermore,  in  comparison  to  the 
direct  output  of  diode-laser,  diode-pumped 
lasers  provide  the  following  advantages: 

(1)  wider  wavelength  ranges  may  be  achieved 

by  pumping  Nd,  Ho  and  Er-doped  rod  for 
1,  2  and  3  micron  lasers  (see  table  1) 

and  frequency  doubling  for  visible 
sources  (see  Table  2) , 

(2)  High  frequency  stability  and  good  beam 
quality, 

(3)  High  energy  storage  and  short  cavity  for 
Q-switch,  and 

(4)  beam  multiplexing  and  frequency  mixing. 
APPLICATIONS 

The  unique  features  of  diode-lasers  and 
diode-pumped  lasers  promise  various 
applications  which  include  but  not  limited 
to: 

(1)  space-qualified  (compact,  long-lived) 
communication, 

(2)  coherence  sources  for  micromachining, 
microsurgery,  detector  and  fiber  char¬ 
acterization,  atmospheric  studies, 

(3)  optical  disk  recording  and  image 
processing,  printing,  bar-code  reader, 

(4)  detector  calibration,  finger  print 
detection,  trace  gas  detecion, 

(5)  spectroscopy  and  optical  damage 
testing,  chemical  reaction  dynamics, 

(6)  ranging,  tracking,  surveying, 

(7)  injection  seeds  for  high-power  lasers 

(8)  all-solid-state  tunable  laser  systems 
using  harmonic  generation  and  optical 
parametric  orcillation/amplification. 

II.  CRITICAL  ISSUES  OF  MATERIALS  SELECTION 
We  shall  now  discuss  the  critical 
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issues  of  materials  selections  for  both 
laser  host  and  nonlnear  crystals .[ 1-38 ]  In 
a  previous  paper,  [38]  we  have  discussed 
the  selection  rules  for  nonlinear  crystals, 
we  shall  now  summarize  the  materials 
selection  rules  for  the  diode-pumped  laser 
host  rods  as  follows: 

(1)  high  optical  coupling  using  gradent- 
index  lens  (GRIN)  or  microscope 
objective  lens  (SELFOS) , 

(2)  good  spectral-matching  of  the  pumped 
rod  (absorption  spectrum)  and  the 
pumping  diode  (emission  spectrum) , 

(3)  good  spatial  mode-matching  between  the 
pumping  beam  and  the  signal  (lasing) 
cavity  mode, 

(4)  coating  of  the  entrance  surface  (HT  at 
the  pump  and  HR  at  the  signal 
wavelength)  and  the  outcoupling  mirrors 
(with  transmission  of  1%  to  5%  for  20 
mW  to  500  mW  pumping  diode) , 

(5)  low  threshold  and  high  slope 
efficiency. 

Item  (5)  is  characterized  by 
transmission  of  the  outcoupling  mirror, 
round-trip-loss  of  the  cavity,  emission 
cross  section  and  fluorescence  lifetime  of 
the  rod,  the  spot  sizes  of  the  pump  and 
signal  beam  and  the  mode-matching 
(spatial  and  spectral)  of  the  system. 
Quantitative  discussion  by  a  mathematical 
model  will  be  shown  in  Section  IV. 

Various  laser  host  crystals  have  been 
pumped  by  laser  diodes  with  emission 
wavelength  of  780-810  nm.  Results  are 
summarized  in  Table  1.  [1-25] 

The  nonlinear  crystals  suitable  for 
frequency  conversion  of  diode-pumped  lasers 
using  second  harmonic  generation  (SHG)  and 
sum-frequency-mixing  (SFM)  include 

KTP,  KNbO  ,  MgO-doped  and  proton-exchanged 
wave-guided  lithium  niohate.  [26-37]  Blue 
green  (or  visible)  sources  in  diode  and/or 
dye  pumped  systems  are  summarized  in  Table 
2.  The  conversion  techniques  shown  in  Table 
2  include  internal  and  external  cavity  SHG 
direct  doubling  of  lasert-diodes,  SFM  of 
the  pumping  diode  and  the  diode-pumped 
output,  SFM  of  diode  lasers  and  the  two 
photon  processes  in  diode  pumped  rods. 

We  should  note  that  to  achieve  high 
conversion  efficiency,  the  noncritical 
phase  match  (NPM)  condition  is  usually 
required.  This  NPM  may  be  achieved  in 
temperature-tuned  crystals.  Examples 

are:  (1)  188  degree  C  for  SHG  of  1064  nm 

using  potassium  niobate  and  107  degree  C 
using  MgO-doped  lithium  niobate;  (2)  room 
temperature  NPM  for  SFM  of  809  nm  and  1064 
nm  using  KTP,  SFM  of  659nm  and  1318  nm 
(i.e.  tripling  of  Nd:YAG  at  1318  nm)  using 
potassium  niobate(KN),  (3)  room  temperature 
NPM  of  SHG  of  860  nm  using  A-cut  KN  and  986 
nm  using  B-cut  KN,  and  SHG  of  1340  nm 
(output  from  Nd:YAP)  using  B-cut  KN.[39, 
40].  Greater  details  for  tunable  diode- 
pumped  lasers  (visible  to  IR  spectral 
ranges)  using  nonlinear  crystals  may  be 
found  in  Ref.  [39]. 


III.  SCHEMES  OF  DIODE  PUMPING 

As  shown  in  Fig.  1,  various  pumping 
geometries  may  be  achieved  by  using  one  or 
more  than  one  laser  diodes  as  the  pumping 
sources.  The  advantages  and  specific 
features  of  these  schemes  are  summarized  as 
follows; 

(1)  Scheme  (A)  provides  the  first  demonstr¬ 
ated  pumping  scheme  which  promises  a 
very  low  threshold  power  and  frequency 
stabalized  fundamental  mode. 

(2)  With  a  Q-switch,  scheme  (B)  promises 
output  with  high  peak  power,  short 
pulse  duration,  passive  air  cooling, 
TEMOO-mode  and  good  pulse  to  pulse 
stability. 

(3)  The  intracavity  SHG  provides  high- 
efficient  visible  source  from  the  diode 
-pumped  rod,  where  very  high 
circulation  power  inside  the  cavity 
makes  the  SHG  conversion  very 
efficient.  However,  instability  caused 
by  mode-mode (longitudinal)  competition 
may  be  a  problem. 

(4)  Scheme  (D)  of  intracavity  SFM  provide 
the  image  feature  of  spectral-matching 
between  the  peak  absorption  wavelength 
of  the  rod  and  the  lasing  wavelength, 
examples  are  809  nm  and  946  nm,  where 
noncritical-phase-matching  crystals  of 
KTP  and  potassium  niobate  may  be  used 
respectively. [39] 

(6)  The  external  cavity  SHG,  scheme  (E)  has 
several  advantages  versus  the 
intracavity  SHG  of  scheme  (C) :  (i)  the 

IR  source  from  the  diode-pumped  laser 
may  be  optimized  indenpendently  with 
the  SHG  cavity;  (ii)  high-power  diode 
array  may  be  incorporated  into  this 
scheme  by  using  side-pumping;  (iii) 
mode-mode  competing  in  scheme  (C)  may 
be  avoided. 

(6)  Frequency  doubling  of  the  direct  output 
from  diode  lasers (780-860  nm,  904  nm 
etc)  requires  a  better  optical  coupler 
and  high-efficiency  nonlinear  crystals, 
such  as  potassium  niobate  and  proton- 
exchanged  lithium  niobate  in  a  wave¬ 
guide  geometry.  Organic  crystals  such 
as  DAN  and  PNN  with  nonlinear 
coefficients  hundreds  times  of  that  of 
KDP  may  also  be  good  candidates .[ 38 ] 

(7)  Tunable  diode  lasers  in  the  visible 
spectral  regimes  may  be  achieved  via 
SFM  of  two  diodes  which  are  temperature 
tuned  in  the  ranges  of  780-860  nm  with 
tuning  range  of  0.3  nm  per  degree. 
Noncrititical  phase-matching  conditions 
using  KTP  and  potassium  niobate 
crystals  have  been  defined  for  this 
scheme,  see  Ref. [39]  in  this  Proceeding 

(8)  High-power  IR  sources  at  1 ,  2  and  3 

micron  may  be  achieved  by  side-pumped 
slab  geometry  as  shown  in  sclieme  (H) 
whose  output  may  be  in  conjunction  with 
schemes  (B) ,  (E)  and  (F)  and  (G)  for 

visible  lasers. 

(9)  The  double  end-pumping  og  scheme  (I) 
promises  an  alternative  of  side-pumping 
for  high-power  diode-pumped  lasers. 
However,  volume-mode-matching  of  the 
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Table  1.  DIODE-PUMPED  LASER  CRYSTALS 


DOPANT 

LASER  HOST 
CRYSTAL 

MAJOR  EMISSION 
WAVELENGTH (urn) 

FLUORESCENCE 
LIFETIME (ms) 

PUMPING 

(um) 

REF. 

Nd: 

YAG 

0.946,1.064,1.319 

0.23 

809 

[1-5] 

glass 

1.053 

0.3 

800 

[6] 

YLF 

1.047,1.053 

0.5 

791 

[7-9] 

YAP(YALO) 

1.08  ,1.34 

0.18 

808 

[10] 

YVO4 

1.064,1.34 

0.095 

809 

[11-13] 

BeL 

1.08,  1.34 

810 

[14] 

Mgo; LiNbOj 

1.085,1.387 

0.085 

813 

[15-17] 

LiNdP4  0,j 

1.048 

0.32 

810 

[18] 

Ho: 

YAG 

2.1  (77°  K) 

5.0 

785 

[19] 

YLF 

2.06  (77°  K) 

0.05 

785 

*  * 

YAP 

2.92 

0.9 

808 

*  * 

Er: 

YAG 

1.65/2.94 

9.1/0. 1 

- 

** 

YLF 

1.73,2.8 

4 . 3 

797 

[20] 

YAP 

1.66 

0.13 

808 

★  ★ 

glass 

1.54 

904 

•k  -k 

Tm: 

YAG 

2 . 02 

16 

785 

[21] 

YLF 

2.31 

- 

781 

[22] 

Ho:Tm: 

YAG 

2 . 09 

- 

785 

[23] 

YLF 

2.08,2.31 

791 

[2^] 

Cr: Yb:Er 

glass 

1.54 

- 

[25] 

Cr:Tm: 

YAG 

2.02 

- 

- 

** 

YAP 

2.27 

0.77 

— 

*  * 

Cr:Nd: 

YAG 

1.064 

0.21 

_ 

** 

YAP 

1.064 

0.18 

*■ 

*k 

Er:Ho:Tm: 

YLF 

2.07  (77°  K) 

20 

- 

k* 

*  Note  that  except  the  indicated  low  temperature  cases,  all  are 
operated  at  the  room  temperature.  The  pumping  diode  wavelengths  are 
optimized  at  the  absorption  peaks  of  the  rods.  However,  for  those  laser 
hosts  with  broad  absorption  bands  the  exact  pumping  wavelengths  of  the 
diode  lasers  are  not  critical. 

**  Work  may  be  done  but  has  not  been  reported  at  the  present  time. 


pumped  rods  must  be  optimized  for 
efficient  output. 

(10)  High-power  IR  source  with  high  beam 
quality  and  frequency  stability  may  be 
achieved  via  the  injection-seed  scheme 
(J) .  The  seed-generator  may  also  be  in 
collaboration  with  scheme  (C) ,  (D) , 

(E) ,  (H)  and  (I)  for  optimal 

operation.  Furthermore  this  seed  may 
also  be  used  in  the  conventional 
flash-damp-pumped  lasers  for  high 
quality  output. 

In  addition  to  the  above  described 
schemes,  beam  combination  and  frequency 
complexing  may  also  be  achieved  in 
conjunction  with  optical  fibers.  Finally, 
tunable  all-solid-state  miniature  lasers 
with  output  spectra  of  400-700  nm,  1-5 
micron  are  possible  when  the  appropriate 
laser  host  crystals  and  nonlinear  crystals 
are  available.  For  example,  using  KTP  or 
other  high-efficient  crystals  as  the 
intracavity  optical  parametric  oscillation 
(OPO)  crystal  in  the  diode-pumped  lasers 
(cw  or  pulsed  operation)  may  be  a  potential 
technique  for  this  purpose. 


IV.  THEORY  OF  DIODE  PUMPING 

We  shall  now  present  a  rigorous  model 
for  the  quantitative  discussion  of  the 
critical  issues  decribed  in  Section  II. 

Previous  theoretical  analyses  of  diode- 
pumped  lasers  for  the  threshold  pumping 
power  and  slope  efficiency  are  based  upon  a 
simplified  model  which  envolves  several 
assumptions:  [3,18,41] 

(1)  Steady-state  solution  for  the 
population  inversion  and  the  photon 
density,  in  both  time  and  space, 

(2)  high-Q  cavity  or  low  round-trip  loss 
system,  where  the  low-gain  approximation  is 
valid, 

(3)  effactie  or  average  pumping  rate  is 
used  to  eliminate  the  z-dependence  of  the 
gain  function,  [18,41], 

(4)  z-dependence  of  the  Gaussian  waist  of 
the  pump  and  the  signal  beam  is 
ignored,  [18], 

(5)  The  calculated  slope  efficiency  is 
valid  only  near  the  threshold,  where  the 
first-order  expansion  of  the  saturation 
term  in  the  overlap  function  is  used,  [41] 
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Table  2.  Blue  green  lasers  from  diode/dye-laser  pumped  systems 


Laser  Material 

Pump 

Source 

Conversion 

Technique 

Nonlinear 

Crystal 

Output 

(nm) 

Ref. 

Nd:YAG 

diode 

SHG(l) 

KN 

473 

26 

diode 

SFM(l) 

KN 

436 

27 

diode 

SHG(2) 

MgO:LN 

532 

17 

diode 

SHG(3) 

MgO:LN 

532 

28 

dye 

SHG (2) 

KTP 

459 

29 

diode 

SHG(2) 

KTP 

459 

30 

Nd:YLF 

dye 

SHG(l) 

MgO:LN 

523.6 

8,15 

Nd;YAP(YALO) 

diode 

SHG (2) 

KTP 

540 

31 

Nd:MgO:LN 

dye 

SHG ( sel f -doub 1 i ng ) 

598 

15 

Er;YLF 

dye 

Two-photon 

process 

549.8 

32 

Nd:YLF 

dye 

Two-photon 

process 

523.6 

9 

wave-guide 

DSHG 

LN 

420 

33 

diode-laser 

SFM 

KN 

430 

34 

diode-laser 

DLHG 

KN 

414 

35 

diode 

(direct 

output)  from  AlGalnP 

600,680 

36,37 

*  notations  used  in  Table  2: 

SHG(l) : intracavity  second  harmonic  generation  (SHG) 

SHG(2) : external  cavity  SHG 

SHG (3) : external  ring  cavity  SHG. 

DSHG:direct  SHG  od  diode-laser  at  840  nm 
SFM(l) :  sum-frequency-mixing  of  diode  laser  (at  809  nm) 
and  diode-pumped  Nd:YAG  (at  1064  nm) 

SFG(2) :  SFM  of  diodelaser  (at  809  nm)  and  diode-pumped 
Nd;YAG  (at  946  nm) 

MgO:LN;  MgO-doped  lithium  niohate  crystal. 

KN:  potassium  niobate  crystal. 


(6)  a  confocal  geometry  is  assumed,  where 
both  the  pump  and  the  signal  beams  are 
focused  at  the  center  of  the  rod. 

In  the  following  model,  we  shall  remove 
the  assumptions  of  (3)-  (6)  and  still 
obtain  some  tractable  analytic  results  in 
Idition  to  the  numerical  results. 

The  time-independent,  steady-state 
signal  intensity  of  diode-pumped  system  may 
be  described  by 

dl/dz  =  gl/(l+sl)  -pi,  (1) 

where  g  is  the  unsaturated  gain  function 
proportional  to  the  pumping  rate,  s  is  a 
saturation  parameter  and  P  is  a  loss 
constant.  Assuming  Gaussian  transverse 
profiles  for  the  pumping  beam  and  the 
signal  beam  (normalized  forms) : 

I(r,z)  =  P(z)  fs(r,z),  (2. a) 

g(r,z)  =  G  exp(-e<:z)  fp(r,z),  (2.b) 
where  oC  is  a  absorption  coefficient  of  the 
pumped-rod  and  the  normalized  Gaussian 
functions  are  defined  by 

fp,s  =  exp(-2[r/Wps(z)  ]^  )/ rc  Wp^^  ,  (3) 

and  the  z-dependent  beam  spot  sizes  are 
related  to  the  waist  radii  (located  at  the 
focal  point)  by 

2  2  2 

(Z)=Wp,5  [1+D(Z)  (Z-Zp_s)  ],  (4) 

with  a  z-dependent  parameter  of  (n^,  being 
refractive  index) 


2  2 

Dp,s(Z)  =  [  ^P.s/iC  Hp  ,.  Wp^^(z)],  (5) 

where  D=1  for  unfocused  plane  wave  case. 

Substitution  of  Eqs.(2)-(5)  into 
Eq. (1),  we  obtain  the  equation  of  motion 
for  the  signal  power 


dP/dz  =  [G  exp(-(fz)F(z)- r  ]P,  (6) 


where  F(z)  is  an  overlap  function  given  by 

F(z)  =  mB  )  [—-pp^xjdx,  (7) 

where  we  have  defined  m=Bp/Bs  and 

2 

Bs(z)  =  B(Z)  =  2/,|;w.;  (z)  .  (8) 


We  note  that  Eq. (6)  can  be  solved  only 
numerically  due  to  the  complicated  z- 
dependence  of  the  overlap  function  F(z) 
whose  integration  over  the  spatial 
transverse  coordinate,  x=r  ,  general  can 
not  be  solved  analytically.  For  the  special 
cases  of  integer  values  of  m,  the  analytic 
expression  of  F  is  available. [ 10]  For  the 
perfect  mode  matching  case,  m=l. 


F(z)=[l-ln(l+sPB)/sPB]/sP.  (9) 
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(15) 


We  shall  now  calculate  the  F-function  and 
in  turn  the  output  power,  threshold  power 
and  the  slope  efficiency  as  follows.  For 
systems  with  low  singlw-pass  gain,  the 
steady-state  output  power  may  be  obtained 
by  equation  the  sound-trip  gain  to  the 
sound-trip  loss,  i.e.  dP/dz=0  in  Eq.(6), 
and  yield 


r2L 

(G/6))  F(2)  exp(-oCz)  dz  =  1,  (10) 

0 


where  ^  is  the  total  round-trip  loss 
Including  the  cavity  internal  loss  and  the 
outcoupling  mirror  transmission  (T)  loss, 
i.e.,  cr=2rL  +  T,  L  being  the  rod  length. 

We  shall  now  derive  some  tractable 
results  by  Taylor  expansion  of  the 
saturation  term  in  Eq. (7) ,  up  to  the 
second-order,  which  is  valid  for  sPB<l.  The 
integration  of  these  expanded  terms  may  be 
done  exactly  and  Eq. (10)  becomes  a  second- 
order  polynomial  of  sPB  which  may  be  easily 
solved  as  follows 

2  1/2 

P2  =  [b-(b  -4c)  ]/2,  (11) 

where  P2  and  PI  are  the  reduced  output 
power  (by  twice  of  the  saturation  value  2s) 
and  the  normalized  input  power  (by  the 
threshold  value,  1/Al)  and 

b  =  A2/A3,  (12. a) 


2 

1  $  PI  <  1/[1-  A2  /4  A1  A3  ], 


and  the  threshold  power  may  be  easily  found 
to  be  1/Al,  by  equating  P2=0  in  Eq.(ll). 

For  a  typical  high-Q  diode-pumped 
cavity  with  an  outcoupling  mirror 
transmission  T,  the  explicit  forms  for  the 
output  power  (Pout)  and  the  threshold  power 
(Pth)  may  be  rewritten  as:  [18] 


Pout  =  - 1-  T  P2  (16) 

\  2L^r  / 


Pth  =  -  (17) 

2L  A1 


where  6  =  (2rL  +  T)  is  the  total  round- 
trip  cavity  loss  and  O'  and  r  are  the 
emission  cross  section  and  the  flourescence 
lifetime  of  the  rod. 

The  slope  efficiency,  based  upon 
Eq. (11)  then  may  be  exactly  solved 

d  (Pout)/d  (Pin) 

2  2  1/2  2 
=  (T/tJ)(Al  /A3)/[(b  -4c)  PI  ].  (18) 


c=  (A1/A3) (1-1/Fi) ,  (12. b) 

and  the  coefficients  of  As  may  be 
integrated  numerically 


Ep,s(z)=[Wp,s(z)/Wp,s] 


(13. a) 


(13. b) 


(13. c) 


(14) 


We  should  note  that  Eq. (16)  reduces  to 
that  of  Ref. [18]  for  the  near  threshold 
case,  i.e.,  A3=0,  P1=1/A1.  Our  results  for 
the  slope  efficiency  and  the  output  power 
are  still  valid  for  input  power  above 
threshold,  defined  by  Eq. (15) . 

The  complexity  of  the  above  described 
calculation'?  is  mainly  caused  by  the  z- 
dependence  of  the  Gaussian  waists  of  the 
beams  which  are  strongly  coupled  to  the 
exponentiallay-decaying  absorption  of  the 
rod  (or  the  pumping  power) .  By  further 
assuming  the  averaged  (over  z)  beam  waists, 
the  As  coefficients  in  Eq. (13)  may  be 
obtained  analytically  and  a  simplified 
expression  for  the  threshold  power  may  be 
obtained. 


Pth  =  \ 

1  Ap  ) 

where 

the 

averaged  quantities 

defined 

by 

(19) 

are 


other  parameters  are  previously  defined  in 
Eqs.  (4),  (5)  and  (8),  noting  the  z- 
dependence  of  m(z)=Bp(z)/Bs(z) 

In  Eq. (11) ,  the  normalized  input 
(pumping)  power  should  be  restricted  in  the 
range  of 


_  2  2 

Wp  =  \  Wp  (z)dz  /L 
0 

2  2 

=  Wp  [  1  +  DL  /12] ,  (20. a) 

2  2 

D  =  [  Ap/anpWp  ],  (20. b) 
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_  _  2 

5  =  [  Ws  /Wp  ]  ,  (20. C) 


and  the  total  absorption  efficiency  is 
given  by 

r2L 

e  dz  =  [1  -  exp(-riz)]/^  .  (21) 


The  major  features  based  upon  Eqs. 
(10)  -(21)  may  be  summarized  as  follows: 

(1)  To  reduce  the  threshold  power,  we  may 
use  a  smaller  transmission (T)  of  the 
outcoupling  mirror,  typiically  (0. 1-0.2)%, 
or  maximize  the  overlap  function  A1  which 
in  turn  is  a  decreasing  function  of  the 
beam  waist.  See  Eqs.  (13)  and  (17) . 

(2)  Small  T  reducing  the  threshold  power, 
however  it  also  reduces  the  slope 
efficiency,  see  Eg. (18).  Therefore  the 
optimal  condition  for  the  choice  of  T 
depends  upon  the  pumping  power.  By 
choosing  a  larger  T  (2-5%) ,  slope 
efficiency  may  be  significantly  improved 
but  high  threshold  power  is  also  expected. 

(3)  The  slope  efficiency  in  general  is  not 
a  constant.  The  nonlinear  slope  is  caused 
by  the  input-power-dependence  term  in 
Eg, (18)  which  may  be  ignored  only  near  the 
threshold,  in  which  pi  =  1/Al  and  the 
discussion  in  (2)  is  quite  tirue. 

(4)  Based  upon  Eg. (20) ,  there  is  an  optimal 
pump  waist  which  provides  the  minimal  waist 
and  hence  reduces  the  threshold.  By 
minimizing  Eg. (20) ,  we  obtain  the  optimal 
waist  of  the  pump 


lifetime( Z  ) ,  see  Eg. (17) .  Therefore  laser 
rods  with  longer  lifetimes  are  preferred 
for  achieving  lower  threshold.  Examples 
based  upon  Eg. (17)  are  shown  in  Table  3. 


Table  3.  Relative  threshold  power (Pth)  for 
various  diode-pumped  lasers. 


Laser  Rod 

X(nm) 

T(US) 

- 

(xlO  cm  ) 

Pth 

Nd: YAG 

1064 

230 

2.4 

1 

Nd:yLF 

1047 

480 

1.8 

0.64 

Nd:glass 

1053 

315 

4.2 

0.42 

Nd:YAP 

1080 

170 

3.7 

0.88 

Results  based  upon  the  numerical 
expressions  of  Eqs. (11)  -  (16)  are  shown  in 
Fig.  2.  We  note  that  these  results  are 
valid  for  the  situation  where  the  Taylor 
expansion  of  Eg. (7)  is  relevant,  i.e.,  when 
sPB  is  smaller  than  1.  This  approximation, 
up  to  the  second-order  expansion  of  sPB,  is 
much  better  than  that  of  the  reported 
first-order  expansion. [18,  41].  In  general 
the  double  intergration  defined  by  Eqs. (7) 
and  (10)  should  be  solved  for  results  valid 
for  all  ranges  of  sPB. 

Futhermore,  to  remove  the  low-gain- 
approximation  used  in  Fig.  2,  Eg. (6)  should 
be  solved  numerically  for  both  the  forward 
and  baclcward  signal  beams  in  the  cavity. 
The  strong  z-dependence  gain  function  may 
be  rigorous  included  by  considering  the 
following  travel  wave  rate  equations  for 
the  forward (P'*')  and  backward (P")  power  of 
the  signal: 


■ik 

wp 


^pW ^  Up) 


1/2 


(22) 


i 

,dP  /dz  =  +  (  G 


r  )  p- 


(23) 


which  depends  on  the  laser  rod  length (L), 
where  the  pump  waist  is  assumed  to  be 
located  at  the  center  of  the  rod,  i.e.,  z  = 
L/2  in  Eg. (4) .  We  should  note  that  this 
optimal  condition  is  obtained  within  the 
frame  of  averaging  procedure  and  the 
strong-coupling  between  the  beam  waist 
expansion  and  the  exp(-  z)  absorption  term 
is  ignored.  The  true  optimal  condition 

should  benumerically  solved  based  upon  our 
model.  Futhermore  this  optimal  condition 
also  depends  upon  the  actual  waist 
locations  of  the  pump  and  the  signal  beams, 
i.e.,  zp  and  zs  in  Eg. (4) .  Eg. (22)  used 
in  Refs.C3,  41]  is  valid  only  for  the 
confocal  geometry,  i.e.,  when  zp  =  zs  =L/2 
and  within  the  averaging-approximation. 
The  the  case  of  cavity  geometry  of  flat- 
curved  mirrors,  with  zp  =  L/2  and  zs  =  0, 
we  did  not  find  the  optimal  pump  waist 
which  provides  a  maximal  slope 
efficiency. [42] 

(5)  The  threshold  power  is  a  decreasing 
function  of  the  product  of  the  emission 
cross  section (O')  and  the  fluorescence 


where  the  two-direction  gain  function  G* 
(z)  has  a  strong  z-dependence  due  to  the 
Gaussian  overlap  function  F(z)  and  the 
end-pumped  absorption  coefficient. 

Numerical  investigation  based  upon  above 
equations  are  in  progress  in  our 
laboratory. [42] . 


REFERENCES 

[1]  T.J.  Kane,  B.Zhou  and  R.L.  Byer, 
Appl.  Opt.  23,  2477  (1984). 

[2]  B.  Zhou,  T.  J.  Kane,  G.J.  Dixon  and 
R.L.  Byer,  Opt.  Lett. 2,  62(1985). 

[3]  T.Y.Fan  and  R.L.  Byer,  IEEE  J.  Quant. 
Electron.  QE-23,  605(1987). 

[4]  M.K.  Reed,  W.J.  Kozlovsky,  R.L.  Byer, 
G.h.  Harnagel  and  P.S.  Gross,  Opt. 
Lett.  13,  204(1988). 

[5]  D.L. Sipes,  Appl.  phys.  Lett.  47, 
74(1985) . 

[6]  W.J.  Kozlovsky,  T.Y.  Fan  and  R.L.  Byer, 
Opt.  Lett.  11,  788(1986). 

[7]  T.M.  Poliak,  W.F.  wing,  R.L.  Grasso, 
E.P.  Chicklis  and  H.P.  Jessen,  IEEE 
J.  Quantum  Electron.  QE-18,  159(1982). 


409 


(A)  CW  OPERATION 


(D)  INTRACAVITY  SFH 


(B)  PULSED  OPERATION 


1 

^-SWITCI 

1  ^ 

u 

"i: 

(C)  INTRACAVITY  SH6 


VXT  ROD 


NONLINEAR 

CRYSTAL 


(E)  EXTERNAL  CAVITY  SHG 


ROD  SHG 

CRYSTAL 


(F)  DIRECT  SHG  OF  DIODE  LASER 


(G)  SFH  OF  DIODES 


(H)  DIODE-ARRAY-PUHPED  SLAB  LASER 


j—.  ^  REFLECTOR 

^--7<^o\X 


HR  MIRRClR  DIODE  ARRAY 


k\)  double  EHD-PUMPIN6 


DIODE  #1 


DIODE  #2 


■& 


ROD 


(J)  INJECT lON-SEDED 

POWER 

DIODE  PUMPING  piop. 


s 


r 

'  I  nw- 


SEED 


low-power 

DIODE 


Fig.  1  Schematics  of  diode-pumped  miniature  lasers  at  various  pumping 
geometries  (the  advantages  of  various  schemes  are  discussed  in  the 
text) :  (A)  IR  source  in  CW  operation,  (B)  pulsed  operation,  (C) 
intracavity  SHG,  (D)  intracavity  SFH,  (E)  external  cavity  SHG,  (F) 
frequency  doubling  of  direct  output  of  diode  laser  by  high-efficiency 
nonlinear  crystals  or  wave-guided  crystals,  (G)  SFM  of  two  diodes,  (H) 
diode-array-pumped  slab  laser,  (I)  double  end-pumping  and  (J) 
injection-seeded  diode-pumping. 
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LOCATION  OF  PUMPING  WAIST  Zp/l 

Fig.  2  Reduced  output  power  vs.  location  of  the  focused  pumping 
waist (Zp  /L)  for  fixed  signal  waist  of  20  urn (located  at  the  entrance 
plane  z=0)  and  pumping  power  1.2  times  of  threshold  at  various  pumping 
waists. 
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Injection-Seeded  Nd:YLF  Q-Switched  Laser 
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Abstract 

We  report  on  the  operational  characteristics  of  a  single-mode  (axial  and  transverse) 
Q-switched  Nd:YLF  laser  of  milli-joule  output  energy  which  is  injection-seeded  by  a 
diode  pumped  mini  Nd;YLF  master  oscillator. 


We  have  investigated  the  operational  characteristics  of  a  single  axial  and  transverse  mode  Q-switched 
NdrYLF  laser  (slave  laser)  which  was  seeded  by  a  miniature  Nd:YLF  master  oscillator.  The  latter  was  optically 
pumped  by  a  diode  laser.  It  was  found  that  linear  slave  laser  cavities  are  ill  suited  for  this  purpose  since  the  gain 
characteristics  of  Nd:YLF  force  linear  polarization  within  the  active  medium.  The  resulting  spatial  hole-burning 
severely  degrades  the  single  mode  output  but  a  unidirectional  ring  cavity  alleviates  this  problem  completely.  The 
unidirectional  operation  is  easily  achieved  by  a  compact  (and  inexpensive)  intracavity  Faraday  rotator  which  also 
very  effectively  isolates  the  diode  from  the  slave  laser.  In  addition,  simulations  have  shown  that  this  configuration 
combined  with  a  biased,  slowly  rising  Q-switch  (tr=  100  ns)  is  optimal  for  injection  locking. 

Longitudinal  mode-matching  between  the  master  and  slave  laser  is  achieved  via  a  piezo-driven  mirror  in  the 
slave  laser.  Single  axial  mode  operation  is  observed  over  a  range  of  ~30  per  cent  of  the  free-spectral  range  (FSR)  of 
the  slave  laser.  It  was  found  that,  in  general,  the  limitation  on  the  injection  seeding  range  for  single-mode  operation 
comes  from  simultaneous  injection  into  two  neighboring  modes  albeit  with  rather  different  final  amplitudes. 
However,  the  mode  beating  due  to  these  neighboring  modes  are  easily  seen  even  at  intensity  differences  of  100:1  and 
concomitant  20  to  50  ns  differences  in  pulse  buildup  times. 

The  output  characteristics  of  the  slave  laser  can  either  be  given  in  terms  of  the  contrast  of  the  single¬ 
mode  output  to  the  multi-mode  (noise)  background  or  the  single  mode  pulse  buildup  time.  The  former  is  difficult  to 
measure  while  the  latter  is  easily  accessible  and  compared  to  existing  theory.  Simulations  based  on  Siegman's^ 
phasor  analysis  yielded  tuning  dependent  pulse  buildup  times  which  are  in  excellent  agreement  with  our 
experimental  results. 

The  Esherick-Owyoung2  feed-back  system  developed  for  a  strain-induced  birefringend  Nd:YAG  master 
oscillator  is  easily  adapted  to  Nd:YLF  although  the  detailed  shapes  of  the  polarization  and  frequency  dependent 
reflection  from  the  master  oscillator  differ  from  those  published  by  Esherick  and  Owyoung.  This  feedback  system 
yields  a  signed  error  signal  which  controls  the  piezo-driven  slave  laser  mirror  and  allows  operation  of  the  master 
and  slave  laser  right  on  resonance. 

*  This  work  was  supported  by  the  U.S.  Department  of  Energy  Office  of  Inertial  Fusion  under  agreement  No.  DE- 
FC08-85DP402()0  and  by  the  Laser  Fusion  Feasibility  Project  at  the  Laboratory  for  Laser  Energetics  which  has 
the  following  sponsors:  Empire  State  Electric  Energy  Research  Corporation,  General  Electric  Company,  New 
York  State  Energy  Research  and  Development  Authority,  Ontario  Hydro,  and  the  University  of  Rochester.  Such 
support  does  not  imply  endorsement  of  the  content  by  any  of  the  above  parties. 

3  present  address:  United  Technologies  Research  Center,  East  Hartford,  CT. 
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Abs  t  rac  t 


A  laser  with  an  annular  solid-state  gain  medium  is  shown  to  be  suitable  for  a  solid- 
state  laser  above  a  few  kilowatts. 


Design  of  solid-state  gain  medium 

Recently,  much  attention  has  been  paid  to  high  average  power  lasers  above  1  kW  for  their 
applications  In^material  processing.  Presently,  YAG  lasers  with  an  average  power  above  1  kW 
are  realized.  ’  These  YAG  lasers  have  three  or  four  YAG  rods,  which  are  typically  150  mm 
long  and  8  mm  in  diameter,  in  line  in  their  cavities.  For  high  power  solid-state  lagers,  a 
zig-zag  slab  sol|^-state  gain  medium  was  proposed  and  has  been  studied  in  the  past. 

Here  is  proposed  and  discussed  an  annular  gain  medium  as  another  type  of  solid-state  gain 
medium  suitable  for  high  power  operation. 

The  pumping  power  per  unit  length  is  limited  in  a  conventional  rod  gain  medium.  The 
maximum  pumping  power  per  unit  length  doesn’t  depend  on  the  diameter  of  the  rod  and  given 
by  P  =8rt(l-V)  kO/ (a^E)  ,  where  OL,  v,  E  are  the  thermal  expansion  coefficient,  Poisson’s 
ratio  and  Young  modulous,  respectively,  and  t]  ,  k,  ff  are  a  heat  to  pumping  power  ratio,  the 
thermal  conductivity  and  the  rupture  stress,  respectively.  A  rod  gain  medium  doesn’t  have 
therefore  power  scaling  with  the  diameter.  It  also  doesn’t  have  unlimited  power  scaling 
with  the  length,  because  amplified  spontaneous  emission  CASE)  and  parasitic  oscillation 
increase  exponentially  with  the  length  and  because  thermal  lensing  and  thermal 
birefringence  increase  linearly  with  the  length.  One  of  solutions  to  these  problems  is  the 
zig-zag  slab  gain  medium.  This  type  of  medium  can  eliminate  thermal  lensing  and 
birefringence  at  least  in  ideal  condition.  On  the  other  hand,  the  problem  of  enhanced  ASE 
and  parasitics,  which  appear  naturally  between  two  parallel  side  surfaces  that  are 
optically  flat  must  be  overcome  for  high  power  oparation  using  the  slab  gain  medium. 


An  annular  gain  medium  shown  in  Fig.  1,  which  we  propose,  is  superior  to  a  rod  gain 
medium,  or  to  a  zig-zag  slab  gain  medium,  regarding  a  few  properties.  They  are; 


a)  Power  scaling  with  the  cross  section  of  the  gain  medium 

An  annular  gain  medium  has  power  scaling  with  the  outer  diameter,  because  thermal 
stress  depends  only  on  the  thickness  of  the  annular  medium  and  the  gain  volume 
can  be  increased  by  enlarging  the  outer  diameter  without  increasing  thermal  stress. 


Fig.  t  Annular  gain  medium 


Fig. 2  Cross  sections  of  annular  and 
slab  gain  media 
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b)  Low  ASE  and  pa'rasitics 

An  annular  gain  medium  shows  far  lower  ASE  and  parasitics  than  a  slab  gain 
medium  becuase  of  two  reasons.  One  reason  is  that  an  annular  gain  medium  doesn’  t 
have  wide  area  of  two  parallel  side  surfaces  between  which  ASE  and  parasitics  grows 
but  an  slab  gain  medium  has  them.  The  other  is  that  an  annular  gain  medium  has  in 
the  cross  section  of  the  gain  medium  shorter  straight  optical  path  along  which  both 
ASE  and  parasitics  grow  than  the  slab  gain  medium,  as  shown  in  Fig. 2,  where  the 
optical  path  is  denoted  by  a  broken  line.  The  path  length  in  the  annular  gain 
medium  is,  roughly  speaking,  one-third  of  that  in  the  slab  gain  medium,  if  same 
area  and  thickness  are  assumed  for  cross  sctions  of  an  annular  and  a  slab  gain 
med i a. 

c)  Good  use  of  material 

If,  again,  same  area  and  thickness  are  assumed  for  cross  sections  of  an  annular 
and  a  slab  gain  medium,  the  transverse  dimension  of  an  annular  gain  medium  is, 
roughly  speaking,  only  one-third  of  that  of  an  slab  gain  medium.  This  is  an  advan¬ 
tage  of  an  annular  gain  medium,  especially  if  the  medium  is  made  of  a  crystalline 
host  material. 


Because  of  these  superior  properties  of  an  annular  gain  medium,  design  of  a  solid-state 
laser  above  a  few  kilowatts  become  possible  using  an  annular  Nd:YAG  rod.  Here  is  assumed  an 
annular  Nd:YAG  rod  which  is  22  mm  in  outer  diameter,  14  mm  in  inner  diameter,  126  mm  long. 
Thermal  stress  that  is  generated  in  it  by  optical  pumping  is  shown  in  Fig. 3,  where  a 
pumping  power  of  30  kW,  a  heat  to  pumping  power  ratio  of  0.05  are  assumed,  the  inner  and 

outer  side  surfaces  are  assumed  to  be  adiagatic  and  cooled  at  a  constant  temperature, 

respectively.  Largest  thermal  stress  appears  on  the  outer  side  surface  and  is  about  one- 
half  of  the  raptured  stress.  A  pumping  power  of  60  kW  can  be  used  without  breaking  the 

annular  Nd:YAG  rod  if  both  of  its  side  surfaces  are  cooled.  A  Nd.’YAG  laser  has  typically  a 

output  power  to  pumping  power  conversion  efficiency  of  3  %.  Therefore,  an  output  power  of  2 
kW  may  be  expected  using  this  annular  Nd:YAG  rod  with  a  pumping  power  of  60  kW. 


Both  a  rod  and  an  annular  gajt^^media  show  thermal  lensing  and  birefringence.  Lensing 
effect  may  be  evaluated  by  (ng)  *1.  where  n„  Is  the  thermally  changed  refractive  index  and 
1  is  the  medium  length.*^  The'^  t  he  rma  1 1  y  changed  refractive  index  is  given  by 

n„  =  2  (dn/dT) ST/ (nR^)  for  a  rod  gain  medium  of  the  radius  R,  and  =  2  (dn/dT) 6T/ (nt® )  for 

an  annular  gain  medium  of  the  thickness  t,  where  n  is  the  refractive  index  of  the  medium 
and  St  is  the  largest  temperature  difference  in  the  medium,  j^g^onven t i ona 1  rod  and  an 
annular  gain  media  have  the  maximum  thermal  stress  and  (ng)  1  shown  in  Fig. 4,  where  the 
stress  is  represented  by  a  broken  line  and  1  is  represented  by  a  solid  line.  In  this 

calculation,  an  annular  Nd;YAG  rod  and  assumed  conditions  are  the  same  as  mentioned  above 
and  a  pumping  power  of  30  kW  is  assumed.  A  conventional  rod  is  assumed  to  have  the  same 
gain  volume  as  the  annular  rod  and  its  diameter  is  varied  to  show  the  dependence  of  thermal 
effects  on  the  length.  Uniform  pumping  of  30  kW  is  also  assumed.  Both  of  the  thermal  stress 
and  lensing  effect  of  the  rod  gain  medium  can  not  be  reduced  at  the  same  time,  as  is  clear 
from  Fig. 4.  On  the  other  hand,  a  quite  low  lensing  effect  is  realized  on  the  annular  gain 
medium  without  increasing  thermal  stress.  Thermal  birefringence  follows  the  simillar 
dlscussioin.  It  is  then  concluded  that  an  annular  gain  medium  shows  lower  thermal  effects 
than  a  rod  gain  medium. 


Fig.  3  Thermal  stress  in  the  Annular 
Nd:YAG  crystal 


Conv.  Rod  Annular  Rod 


Diameter  (mm) 

Fig. 4  Thermal  stress  and  lensing  effect  in 
a  rod  and  an  annuar  Nd;YAG  crystals 
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A  laser  with  an  annular  gain  medium 


A  laser  with  an  annular  gain  medium  outputs  an  annular  beam.  Its  beam  divergence  in  th.’ 
far  field  is  not  sensitive  to  the  beam  outer  diameter  but  mainly  determined  by  its 
thickness,  as  shown  in  Fig.  5,  where  the  vertical  axis  is  the  beam  divergence  (half  width) 
and  t  is  the  thickness  of  the  annular  laer  beam  in  the  near  field.  In  this  calculation,  a 
flat  wave  front  and  a  uniform  beam  intensity  is  assumed  on  the  annular  laser  beam  in  the 
near  field.  Figen  mode  of  an  annular  stable  resonator  has  been  also  studied  analytically. 
The  mode  is  approximately  is  an  "annular  Hermite  Gaussian'  mode,  if  the  thickness  ol  the 
annular  beam  is  sufficiently  smaller  than  its  mean  radius.  Especially,  the  fundamental  mode 
is  the  "annular  Gaussian"  mode.  The  design  of  such  annular  stable  resonator  is  then 
completely  the  same  as  that  of  a  conventional  stable  resonator. 


I - 1 _ 1 _ I 

0  2  4  6 

Outer  Radius  I  cm) 


Fig.  5  Beam  divergence  of  an  annular 
laser  beam 


Summary 


It  has  been  shown  that  an  annular  gain  medium  is  expected  to  have  better  power  scaling 
than  a  rod  or  a  zig-zag  slab  gain  media.  Output  power  of  2  kW  has  been  shown  to  be 
possible  using  an  annular  Nd:YAG  rod  that  is  22  mm  in  outer  diameter,  14  mm  in  inner 
diameter  and  126  mm  long.  An  annular  gain  medium  has  been  shown  to  have  lower  thermal 
lensing  and  birefringence  than  a  rod  gain  medium.  Beam  characters  of  a  laser  with  an 
annular  gain  medium  is  also  discussed. 


References 

1.  S.  Watanabe,  K.  Okino,  1.  Shibano,  T.  Yamane  and  H.  Miura,  in  Extended  Abstracts,  The 

48th  Autumn  Meeting,  1987,  The  Jap.  Soc.  Appl.  Phys. ,  No.  3,  p.  688,  19p-ZC-5 

2.  S.  Nishimura,  S.  Yoshida,  Y.  Fujimori  and  K.  Ishikawa,  in  Extended  Abstracts,  The  48th 
Autumn  meeting,  1987,  The  Jap.  Soc.  Appl.  Phys.  ,  No.  3,  p.  689,  19p-ZC-G 

3.  J.  M.  Eggleston,  T.  J.  Kane,  K.  Kuhn,  J.  Unternahrer  and  R.  L.  Byer,  IEEE  J.  Quantum 
Electron.  QE-20,  289  (1984) 


4. 

T. 

J.  Kane, 

J. 

M.  Eggleston, 

R.  L. 

Byer,  IEEE  J.  Quantum  Electron.  QE-21,  1195  (1985) 

5. 

S. 

Basu,  T. 

J. 

Kane  and  R.  L. 

Bye  r , 

IEEE  J.  Quantum  Electron.  QE-22,  2052  (1986) 

6. 

S. 

basu  and 

R. 

L.  Byer,  Opt. 

Lett. 

11,  617  (1986) 

7.  J,  M.  Eggleston,  G.  F.  Albrecht,  R.  A.  Petr  and  J.  Zumdieck,  IEEE  J.  Quantum  Electron. 
QE-22,  2092  (1986) 

8.  G.  F.  Albrecht,  J.  M.  Eggleston,  J.  J.  Ewing,  lEFF  J.  Quantum  Electron.  QE-22,  2099 
(1986) 


9. 

H.  Hayakawa,  K.  Maeda, 
L1623  (1987) 

T.  I  sh  i  kawa. 

T.  Yokoyaroa  and  Y.  Fujli, 

Jap. 

J. 

Appl.  Phys. 

26, 

10. 

Y. 

Takada,  H. Saito  and 

T.  Fu  j  i  oka , 

in  Proceeding  of  SPIE  vol. 

801 , 

PP 

.  62-66 

11. 

A. 

Yariv,  Optical  Electronics,  3rd 

Edition  (He  1 t-Saunde r s ,  New 

York, 

1985),  pp.  31 

-35 

12. 

t  0 

be  published  in  the 

January  issue  of  IEEE  J.  Qtiantum  Electron. 

i  n 

1988 

415 


RESONATORS  WITH  INTRACAVITY  OPTICS  FOR  SOLID-STATE  LASERS 
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Abstract 


A  unified  formulation  for  the  analysis  of  linear  and  ring  stable  resonators  containing  a 
lens  of  variable  focal  length,  which  represents  the  rod  of  a  solid-state  laser,  and  other 
intracavity  optical  systems  is  presented.  The  stability,  the  mode  spot  sizes,  the  dynamical 
stability  and  the  misalignment  sensitivity  are  investigated  and  general  properties  valid  for 
any  resonator  are  derived.  Some  important  practical  consequences  for  resonator  design  are 
discussed.  A  new  figure  of  merit  for  solid-state  laser  materials  is  introduced  and  critical¬ 
ly  evaluated  for  different  crystals  and  glasses  of  practical  interest. 


1.  Introduction 


The  rod  thermal  lensing  plays  a  fundamental  role  in  determining  the  performances  of  cw  or 
high  repetition  rate  solid-state  lasers  because  of  the  considerable  values  of  dioptric  power 
that  can  be  reached  even  at  moderate  pump  power  levels.  Since  the  dioptric  power  of  the  rod 
is  proportional  to  the  Icimp  input  power,  beside  the  gain  of  the  active  medium,  also  the  res¬ 
onator  stability , the  mode  spot  size, the  diffraction  losses, the  resonance  frequencies  and  the 
sensitivity  to  misalignment  depena  on  the  pumping  rate.  The  resonator  design  is  further  com¬ 
plicated  by  requirements  of  large  volumes  of  the  fundamental  mode,  dynamical  stability,  and 
low  misalignment  sensitivity.  Many  solutions  and  different  design  ideas  for  stable  resona¬ 
tors  have  been  proposed:  compensation  of  thermal  lens^'^  concave-convex  resonators^,  dynami¬ 
cally  stable  resonators'*'®,  telescopic  resonators®'’.  The  sensitivity  to  misalignment  has 
been  also  studied  by  several  authors  and  has  been  demonstrated  to  become  a  key  factor 
for  designing  stable  resonators  with  large  mode  volume*'"'®.  At  present,  the  understanding 
of  simple  stable  resonators  only  containing  a  variable  lens  and  the  optimization  procedure 
for  linear  dynamically  stable  resonators  with  large  mode  volume  and  low  misalignment  sensi¬ 
tivity  are  well  established"”*®.  However,  improvements  of  the  performances  of  single  trans¬ 
verse  mode  solid-state  lasers  will  probably  require  some  additional  intracavity  optics  (such 
as  lenses,  telescopes,  adaptive  optics),  as  the  experimental  results  obtained  with  telescop¬ 
ic  resonators  have  demonstrated. 

The  purpose  of  this  work  is  to  present  a  unified  analysis,  which  prescinds  from  the  par¬ 
ticular  configuration  and  considers  multielement  stable  resonators  in  their  generality.  Us¬ 
ing  the  matrix  approach  for  gaussian  beam  propagation,  basic  properties  regarding  the  reso¬ 
nator  stability,  the  mode  spot  size  in  the  rod,  and  the  misalignment  sensitivity  are  derived, 
both  for  linear  and  ring  resonators.  It  is  also  shown  that  the  pump  power  stability  range  is 
a  typical  character  of  the  laser  material  and  is  independent  of  the  particular  resonator 
conf igur at ion . 


2 .  Preliminary  remarks 


To  allow  a  very  general  analysis  of  solid-state  laeser  resonators  only  two  elements  have 
to  be  considered:  the  intracavity  optics  and  the  rod.  A  generic  optical  system  is  described 
by  the  suitable  ray  transfer  matrix  and  any  possible  misalignment  of  some  element  is  treated 
using  a  2x1  vector  in  addition  to  the  usual  2x2  matrix  appropriate  for  aligned  systems.  For 
a  generic  optical  system,  the  position  and  the  slope  of  the  rays,  measured  with  reference 
to  the  optical  axis  of  the  aligned  system,  at  the  output  plane  (Xq,  0q),  are  related  to  the 
corresponding  quantities  at  the  input  plane,  (Xj^,  0j^),  by  an  equation  that,  like  for  perfect 
alignment,  is  linear,  but  non  longer  homogeneous: 
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The  elements  of  the  misalignment  vector  give  the  position  and  the  slope  of  the  output 

ray  when  the  input  ray  coincides  with  f'o  °  reference  axis  of  the  system.  Being  Eg.  (1)  lin¬ 
ear,  the  misalignment  vector  of  an  ensemble  of  optical  elements  is  the  sum  of  the  output  ray 
vectors  obtained  assuming  an  input  ray  coincident  with  the  reference  axis  and  taking  one 
misaligned  element  at  a  time.  In  practice,  s  and  o  result  in  linear  combination  of  tilting 
angles  and  displacements  of  the  various  decentred  elements. 

The  rod,  which  for  a  uniform  pumping  has  a  parabolic  radial  refractive-index  profile  can 
be  treated  as  a  thin  lens  provided  that  the  distances  are  measured  with  reference  to  the 
principal  planes  of  the  rod,  whose  positions  are  independent  of  the  pump  power.  The  focal 
length  is  given  by 


1  _  k  p 

f  irr^  in 


(2) 


where  r  is  the  rod  radius  is  the  electrical  input  power  to  the  lamp,  and  k  is  a  constant 

related  to  the  opto-mechanical  properties  of  the  laser  rod  and  to  the  pumping  efficiency. 


3 .  Stability  and  mode  volume 


A  generic  resonator  of  a  solid-state  laser  can  be  modeled,  as  shown  in  Fig,  1,  by  two 

plane  mirrors  that  enclose  a  lens  of  variable  focal  length  f  between  two  generic  optical 
systems . 

As  a  function  of  the  rod  dioptric  power,  there  are  always  two  stability  zones  of  the  same 
width  given  by^* 
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The  spot  size  Wj  of  the  TEMqq  mode  on  the  lens,  calculated  by  assuming  that  a  Gaussian 
beam  reproduces  itself  after  one  round  trip,  is  given  by 
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where : 


n 


i  ^  ^ 

f  “  2'Bi 


(5) 


Fig.  1  -  Linear  resonator  with  an  internal  lens  of  variable  focal  length  f  and  other  in¬ 
tracavity  optical  systems.  The  arrows  indicate  that  the  matrices  and  the  vector 
represent  the  paths  from  the  lens  to  the  mirrors.  The  dashed  lines  are  reference 
planes . 
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The  diagram  of  Eq.  (4)  as  a  function  of  n#  i.e.,  of  the  rod  dioptric  power  1/f,  is  plotted 
in  Fig.  2(a).  This  plot  shows  that  the  spot  size  goes  to  infinity  at  the  stability  limits 
and  reaches  a  minimum  in  each  stability  zone.  In  correspondence  to  the  minimum  of  Wj  the 
resonator  is  dynamically  stable  since  the  spot  size  in  the  rod  is,  at  the  first  order,  in¬ 
sensitive  to  variations  of  the  rod  focal  length.  Equating  to  zero  the  derivative  of  Eq.  (4) 
and  solving  for  n  gives: 


n 


±  (  |uv| 


(8) 


Fig.  2  -  Spot  sizes  and  misalignment  sensitivity  of  a  linear  resonator  with  an  internal 
variable  lens  for  uv>0  and  |u|<|v|  as  a  function  of  n  (dioptric  power  of  the 
lens  shifted  by  a  constant  amount),  (a)  Spot  size  on  the  lens,  (b)  Absolute 
value  of  the  focal  length  of  the  optics  between  mirrors  (including  the  mirrors' 
power)  which  determines  the  misalignment  sensitivity.  The  dashed  vertical  lines 
correspond  to  the  dyneimical  stability. 


The  value  of  the  spot  size  W3  for  both  these  values  of  n  is 
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30 
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TT 
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(9) 


where  A(l/f)  is  given  by  Eq.  (3).  The  above  relationship  indicates  that,  independently  of 
the  resonator  configuration,  the  volume  of  the  TEMqo  mode  in  the  rod  at  the  dynamical  sta¬ 
bility  is  inversely  proportional  to  the  range  of  rod  dioptric  power  for  which  the  resonator 
is  stable.  The  proportionality  coefficient  depends  only  on  the  laser  wavelength. 
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4 .  Pump  power  stability  range 


A  more  practical  expression  for  the  stability  range  is  obtained  by  expressing  the  rod 
focal  length  as  a  function  of  the  pump  power.  Combining  Eq.  (2)  with  Eq.  (9)  yields 


A  P. 


in 


(10) 


For  single-transverse-mode  operation,  on  the  assumption  that  the  rod  represents  the  limiting 
aperture  of  the  resonator,  the  ratio  r/Wjo  ranges  at  most  from  1.2  to  2®  Therefore 

the  pump  power  stability  range  for  dynamically  stable  TEMqq  lasers  is  a  characteristic  of 
the  laser  material  that  does  not  depend  on  the  resonator  configuration. 

To  give  some  interesting  numerical  examples,  we  have  considered  a  few  solid-state  materi¬ 
als  of  practical  relevance,  namely  Nd:YAG,  Ndrglasses  (from  different  manufactures),  Nd:Cr: 
GSGG,  and  Alexandrite,  for  which,  assuming  r/Wj^  =  1.5,  we  have  calculated  AP^n  from  the 
data  available  in  the  literature.  The  results  are  summarized  in  Table  I. 


Table  I :  Pump  Power  Stability  Ranges  AP^^ 


Laser  Material 

APin 

Reference 

Nd:YAG 

313 

[15] 

Nd;Glass-Shott  LG706 

70 

[2] 

Nd:Glass-Kigre  Q-98 

134 

[21 

Nd:Glass-Hoya  LHG8 

154 

[2j 

Nd:Cr:GSGG 

[16] 

Alexandrite 

373  b 

527(c) 

[17] 

[17] 

(a)  r/Wjo  =  1.5 

(b)  Pump  pulse  energy  400  J 

(c)  Pump  pulse  energy  200  J 

Among  Nd-doped  materials,  Nd:YAG  presents  the  wider  range,  while  the  glass  Shott  LG  706, 
together  with  Nd:Cr:GSGG,  show  the  smallest  interval  of  pump  power.  This  is  related  to  the 
thermal  focusing  of  glass  and  GSGG  that  is  much  stronger  than  that  of  YAG.  In  the  case  of 
glasses,  the  stronger  thermal  lensing  is  essentially  due  to  the  much  smaller  thermal  con¬ 
ductivity  (one  tenth),  even  if  a  contribution  comes  also  from  the  broader  absorption  bands. 

In  the  case  of  GSGG,  the  main  factor  is  the  enhanced  thermal  loading  due  to  the  presence  of 
the  broad  red  and,  particularly  blue,  pump  bands  of  Cr;  however,  a  contribution  comes  also 
from  the  smaller  thermal  conductivity  (about  two  thirds  of  that  of  YAG).  For  Alexandrite, 
the  dioptric  power  has  been  found proportional  to  the  product  of  the  square  root  of  pump 
pulse  energy  by  the  average  pump  power;  accordingly,  we  have  reported  in  Table  I  two  differ¬ 
ent  values  of  AP^n  corresponding  to  different  pump  pulse  energies.  Pump  power  stability 
ranges  of  Alexandrite  are  even  larger  than  that  of  YAG;  this  essentially  depends  on  the  ther¬ 
mal  conductivity  of  Alexandrite  which  is  about  twice  that  reported  for  YAG.  In  general,  de¬ 
pending  on  the  material  and  on  the  pumping  efficiency,  typical  pump  power  ranges  for  stable 
operation  in  single  mode  vary  from  a  few  tens  to  a  few  hundred  watts.  The  stability  range 
might  be  extended  by  increasing  the  ratio  r/Wj^,  which  implies  either  multimode  operation  or 
an  inefficient  utilization  of  the  rod  volume.  This  maJtes  it  evident  that  no  optical  compen¬ 
sation  of  the  resonator,  no  matter  how  it  is  done,  can  effectively  increase  the  stability 
range  of  a  dynamically  stable  TEMqo  solid-state  laser.  The  solution  should  be  based  on  the 
use  of  athermal  rod  materials  or  on  the  reduction  of  the  unused  radiation  absorbed  by  the 
rod.  It  should  be  noted,  however,  that  since  the  relative  stability  range  APin  decreases 
as  the  average  pump  power  increases,  the  limited  stability  range  may  become  a  problem  mainly 
for  cw  or  high-repetition-rate  lasers. 
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5 .  Misalignment  sensitivity 


The  additional  power  losses  introduced  by  misalignment  of  some  component  of  the  resonator 
essentially  arise  from  the  displacement  of  the  mode  axis,  and  of  the  field  pattern,  on  the 
plane  of  the  limiting  (mode-selecting)  aperture,  which  in  solj.g-state  laser  having  a  mode 
that  fully  utilizes  the  active  material  is  generally  constituted  by  the  rod  cross  section. 
The  position  and  the  axis  of  the  resonator  modes  coincides  with  the  ray  that  retraces  itself 
after  one  round  trip  around  the  resonator,  which  for  a  perfectly  aligned  resonator  obviously 

coincides  with  the  optical  axis  of  the  system.  If  we  denote  by  ^  ^  ^  the  position  and  the 

slope  of  the  axis  at  the  reference  plane  marked  by  3  in  Fig.  1,  the  solution  of  the  self- 
consistency  equation  gives 


D 

=  -  - 1 

f  DjOi  +  DiOj  \ 

\  63  / 

c  ' 

1  -C30,  +  (Cl  -  D,/f)a,  ) 

(11) 


where  C  =  -  DiDj(n  -  v)  is  the  element  2,1  of  the  ray  matrix  from  mirror  1  to  mirror  2  (see 
Fig.  1).  The  detailed  expression  of  the  position  of  the  mode  axis  as  a  function  of  tilting 
and  displacement  of  each  decentered  element  can  obviously  be  calculated  only  when  a  particu¬ 
lar  resonator  configuration  is  specified.  However,  it  can  easily  be  shown  that  the  effects 
of  the  mirror  misalignment  are  given  directly  by  Eg.  (11)  by  substituting  the  tilt  angles  of 
mirror  1  and  2  for  Oj  and  o^,  respectively.  It  is  obvious  that,  whichever  element  is  mis¬ 
aligned,  the  dependence  of  the  axis  displacement  on  the  rod  focal  length  is  always  contained 
only  in  the  denominator  C.  The  behavior,  as  a  function  of  n /  of  |1/C|,  which  is  the  absolute 
value  of  the  focal  length  of  the  optics  between  mirrors  (mirrors'  power  included),  is  also 
shown  in  Fig.  2(b).  From  this  figure  it  is  apparent  that  one  of  the  two  stability  zones, 
denoted  by  zone  II,  is  much  more  sensitive  to  misalignment  than  the  other,  denoted  by  zone 
I.  In  particular,  the  presence  of  the  asymptote  in  zone  II  might  be  troublesome,  especially 
when  the  stability  range  is  small,  as,  for  instance,  in  high-power  cw  lasers. 


6.  Ring  resonators 


The  model  of  a  generic  ring  resonator  is  shown  in  Fig.  3.  The  laser  rod  is  represented 
by  a  thin  lens  of  variable  focal  length  f,  the  remaining  optics  is  described  by  a  single 
matrix  and  any  misalignment  is  represented  by  a  single  misalignment  vector.  In  this  case,  as 
a  function  of  the  rod  dioptric  power,  there  is  only  one  stability  zone,  whose  width  is 


a 


1 

f 


4 

B 


(12) 


The  condition  for  self  consistency  of  the  Gaussian  beam  after  one  round  trip  yields  for  the 
spot  size  W3  on  the  lens 


3  f 


Fig.  3  -  Ring  resonator  with  an  internal  lens  of  variable  focal  length  f  and  other  intra¬ 
cavity  optics.  The  matrix  and  the  misalignment  vector  describe  the  ray  path 
from  the  lens  to  the  reference  plane  (dashed  line). 
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(13) 


4-(A+D-  |)= 

As  ior  linear  resonators,  the  spot  size  on  the  lens  goes  to  infinity  at  the  stability  limits. 
Witiiin  the  stability  zone,  as  a  function  of  the  rod  dioptric  power,  the  spot  size  Wj  reaches 
a  minimum,  which  corresponds  to  the  dynamical  stability.  Equating  to  zero  the  derivative  of 
Eq.  (13)  and  solving  for  1/f  gives 


i  =  MD 

f  B 


(14) 


It  can  be  easily  shown  that,  unlDte  linear  resonator,  the  point  of  dynamical  stability  is 
always  at  the  center  of  the  stability  zone.  The  stationary  value  W30  of  the  spot  size  on  the 
lens  is 


w 


2 

30 


(15) 


where  A(l/f)  is  the  width  of  the  stability  zone  given  by  Eg.  (12).  Thus,  in  correspondence 
to  the  same  stability  range  the  stationary  value  of  the  spot  size  at  the  dynamical  stability 
is  -Jl  times  larger  for  ring  resonators  than  for  linear  ones. 

Consider  now  a  generic  misalignment  represented  by  the  vector  (see  Fig.  3).  The  posi¬ 
tion  and  the  slope  of  the  mode  axis  in  the  plane  of  the  lens,  ,  where  the  limiting  ap- 

V  O3/ 

erture  is  assumed  to  be,  can  be  calculated  with  a  procedure  analogous  to  that  adopted  for 
linear  resonators  and  can  be  expressed  as 


/X3X 

_  1 

/  (1  -  D)s 

+  Bo  \ 

163/ 

■  Q 

\  (C-D/f)s 

+  (l-A+B/f)o  / 

where  Q=  2-A-D+B/f. 

The  behavior  of  X3  and  63  as  a  function  of  tne  rod  dioptric  pcv/er  is  similar  to  that  of 
a  linear  resonator;  in  particular,  in  this  case  also,  the  misalignment  sensitivity  diverges 
in  correspondence  to  a  stability  limit. 

Another  interesting  properties  is  related  to  the  integral  equation  of  the  modes  and  to 
the  diffraction  losses.  On  the  assumption  that  in  the  resonator  there  is  only  one  limiting 
aperture  of  diameter  2a  placed  in  the  plane  of  the  lens,  the  integral  equation  for  the  res¬ 
onator  modes  can  easily  be  written  expressing  the  Fresnel  integral  in  terms  of  the  round 
trip  matrix  elements^®.  It  can  immediately  be  shown,  through  a  simple  variable  substitution, 
that  this  equation  becomes  equivalent  to  that  of  a  symmetric  linear  resonator  having  the 
apertures  on  the  mirrors  and  characterized  by  g  parameters  g,  =  ga  =  A+D-B/f,  and  by  a  Fres¬ 
nel  number  N  =  a^/XB.  Thus,  the  round  trip  diffraction  losses  of  the  ring  resonator  are 
equal  to  the  one-way  losses  of  the  linear  resonator  and  can  immediately  be  obtained,  as  well 
as  the  mode  pattern,  from  the  literature.  In  particu.ar,  a  dynamically  stable  ring  resonator 
results  to  be  equivalent  to  a  confocal  resonator  and  thererore  present  the  same  good  mode 
discrimination  properties. 


7 .  Conclusions 


A  unified  formulation  for  the  analysis  of  resonators  containing  a  variable  lens  and  an 
arbitrary  number  of  optical  systems  has  been  presented.  The  interrelationships  between  mode 
volume,  dynamical  stability,  and  misalignment  sensitivity  are  formulated  through  simple 
equations.  Two  fundamental  properties  independent  of  the  resonator  configuration  are  pointed 
out:  (i)  in  dynamically  stable  lasers  the  TEMqo  mode  volume  is  inversely  proportional  to  the 
input  power  stability  range,  (ii)  if  the  TEMqo  mode  fills  entirely  the  rod,  the  input  power 
stability  range  depends  only  on  the  optomechanical  properties  of  the  rod  material  and  can 
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thus  be  considered  a  novel  figure  of  merit  of  the  laser  material.  Any  resonator  may  operate 
in  two  regions  of  substantially  different  misalignment  sensitivity.  A  critical  comparison 
between  the  thermal  focusing  in  a  few  crystals  and  glasses  has  been  also  carried  out.  The 
results  should  serve  as  a  basis  for  further  developments  and  for  improved  design  of  single 
transverse  mdoe  solid-state  lasers. 
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Abstract 


Room  temperature  vibronlo  laser  action  in  trivalent  chromium  ion-doped  forsterite  (Cr’'^:Mg2Si04)  is  reported 
for  the  first  time.  The  free  running  pulse  laser  emission  is  centered  at  1235  nm  of  the  broad  '*T2-»‘'A2 
fluorescence  band  with  a  bandwidth  of  -  22  nm.  The  spectral  range  for  laser  emission  is  expected  to  cover 
the  800-1350  nm  range  if  the  parasitic  absorption  may  be  minimized,  making  it  one  of  the  most  widely  tunable 
solid  state  lasers. 


In  this  paper  we  present  the  first  room  temperature  vibronic  pulsed  laser  operation  of  Cr’^-doped 
forsterite  (Cr^+:Mg2Si0i,).  Forsterite  is  a  naturally  occurring  gem‘'^  which  can  be  grown  by  the  Czochralski 
method.'  The  single  crystal  of  Cr’* :Mg2SiO»  used  for  spectroscopic  and  laser  action  measurements  was  grown  at 
the  Electronic  Materials  Research  Laboratory  of  the  Mitsui  Mining  and  Smelting  Co.,  Ltd.,  Japan.  The  crystal 
is  a  9  mm  X  9  mm  X  il.S  mm  rectangular  parallelepiped  with  the  three  mutually  orthogonal  axes  oriented  along 
the  b,  c  and  a  crystallographic  axes  of  the  crystal.  The  crystal  contains  O.Qii  at.J  of  Cr^'''  ions,  which  is 
equivalent  to  a  chromium  ion  concentration  of  6.9x10'*  ions/cm*. 


The  room-temperature  fluorescence  and  absorption  spectra  of  Cr*''':Mg2Si04  for  ^  II  b  crystallographic  axis 
are  shown  in  Fig.  1.  The  fluorescence  spectrum  of  Cr’''':Mg2SiO»  was  excited  by  the  ii88-nm  radiation  from  an 
argon-ion  laser  and  recorded  by  a  germanium  photodiode  detector-lock-in-amplifier  combination  at  the  end  of  a 
0.25-m  monochromator  equipped  with  a  1000-nm  blazed  grating.  The  room-temperature  spectrum  is  a  broad  band 
covering  the  wavelength  range  700-1  i)00  nm.  The  room-temperature  fluorescence  lifetime  is  15  us. 
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Absorption  and  fluorescence  spectra  of  Cr’'*’ iMgjSiO*  at  room  temperature.  Both  the  spectra  were  taken 
for  fi  II  b-axis  and  excitation  along  a-axis.  The  thickness  of  the  sample  along  a-axis  is  A. 5  mm. 


The  absorption  spectrum  was  taken  with  a  Perkin-Elmer  Lambda-9  spectrophotometer  along  the  A.5-mm  path 
length  of  the  sample.  It  is  characterized  by  two  broad  bands  centered  at  7A0  nm  and  *l60  nm  attributed  to  the 
‘*A2-*“T2  and  '*A2-»'’T,  absorptive  transitions,  respectively,  of  the  Cr*'''  ion.  The  broad,  weak  absorption  band 
between  850-1150  nm  is  not  observed  in  the  excitation  spectrum.’  This  indicates  that  the  origin  of  this 
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absorption  is  not  transitions  in  Cr’^  ion,  but  in  some  other  impurity  ions,  e.g.,  Fe’*  in  the  host  crystal."  It 
is  evident  from  Fig.  1  that  this  background  absorption  overlaps  a  significant  spectral  region'^  of  Cr iMg^SiO^ 
emission,  and  inhibits  laser  action  in  that  region. 

The  experimental  arrangement  for  investigating  the  laser  action*  in  Cr’^iHgiSiO^  consisted  of  a  stable 
resonator  formed  by  two  30-om-radius  mirrors  placed  20  cm  apart.  The  mirrors  were  dielectric  coated  to 
transmit  the  532-nm  pump  beam,  and  to  have  high  reflectivity  in  the  1150-1250  nm  spectral  range.  The 
reflectivity  of  the  back  mirror  is  99.9  J,  while  that  of  the  output  mirror  is  -  98$  for  normal  incidence  over 
the  specified  wavelength  range.  It  is  to  be  noted  that  this  spectral  region  does  not  correspond  to  the  peak 
of  the  fluorescence  spectrum,  but  was  chosen  so  that  the  background  absorption  is  minimal.  The  sample  was 
longitudinally  pumped  by  frequency-doubled  532-nm,  10-ns  full-width-at-half-maximura  (FWHM)  pulses  from  a  Q- 
switched  Nd:YAG  laser  (Quanta  Ray  DCR-1)  operating  at  a  10-Hz  repetition  rate,  employing  an  unstable  resonator 
configuration.  The  pump  beam  was  linearly  polarized  along  the  b  axis  and  propagated  along  the  a  axis  of  the 
sample.  It  was  focused  3  cm  before  the  sample  by  a  25-cm-focal-length  lens.  The  radius  of  the  pump  beam  at 
the  center  of  the  sample  is  -  600  pm.  The  output  from  the  laser  cavity  was  analyzed  by  a  0.25-m 
monochromator  and  monitored  by  a  germanium  photodiode  detector.  The  output  of  the  detector  was  displayed  on 
a  fast  oscilloscope.  No  dispersive  element  was  placed  in  the  cavity  and  the  laser  operated  in  a  free-running 
pulsed  mode. 


Pulsed  laser  operation  was  readily  obtained  for  pumping  at  or  above  the  lasing  threshold  of  2.2  mJ.  A 
single  output  laser  pulse  was  obtained,  implying  a  gain-switched  operation  which  is  a  consequence  of  pump- 
pulse  duration  being  shorter  than  the  lasing-level  lifetime.  The  amplitude  and  duration  of  the  laser  pulse 
varied,  as  expected,  with  the  pulse-to-pulse  energy  fluctuation  of  the  pump  laser.  The  temporal  duration 
(FWHM)  of  the  output  laser  pulse  varied  from  200  ns  at  the  threshold  to  100  ns  at  2. *4  times  the  threshold 
energy.  The  delay  between  the  peak  of  the  pump  pulse  and  the  peak  of  the  Cr’*:Mg2SiO^  laser  pulse  also  varied 
with  pump-pulse  energy,  from  700  ns  at  the  threshold  to  200  ns  at  2.9  times  the  threshold  energy.  This 
indicates  that  the  laser  cavity  is  highly  lossy,  and  several  hundred  round  trips  are  required  to  build  up  the 
laser  oscillation  in  the  cavity. 


The  laser  threshold  and  slope  efficiency  were  measured  for  the  cavity  used  in  this  experiment  and  the  data 
is  displayed  in  Fig.  2.  The  laser  oscillation  starts  to  build  up  at  an  absorbed  input  energy  of  2.2  mJ.  The 
measured  slope  efficiency  of  1.9$  is  rather  low,  and  indicates  large  losses  in  the  cavity.  These  losses 
include  -  13$  reflection  loss  from  the  uncoated  sample  surfaces,  scattering  from  inhomogeneties  in  the 
crystal,  and  a  large  mismatch  between  the  size  of  the  pump  beam  and  the  Cr’'*':Mg2SiO»  cavity  modes  in  the 
sample. 
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Fig.  2  The  output  energy  of  Cr’^rMgjSlO*  laser  as  a  function  of  input  energy. 

The  spectrum  of  Cr’*:Mg23iO^  laser  is  shown  in  Fig.  3.  for  an  absorbed  pump  energy  of  3.‘1  mJ.  The  spectrum 
peaks  at  1235  nm  and  has  a  bandwidth  (FWHM)  of  22  nm.  The  spectral  range  is  limited  at  the  high  energy  end 
by  the  mirror  transmission  and  the  impurity  absorption,  while  at  the  low  energy  end  by  the  mirror  transmission 
as  well  as  by  the  decrease  in  fluorescence  Intensity. 
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Fig.  3  The  spectrum  of  free-running  Cr’*:MgjSiOi.  laser  for  the  resonator  configuration  described  in  the  text. 

In  summary,  pulsed  laser  operation  has  been  obtained  in  Cr’*:Mg,SiOi,  at  room  temperature.  The  laser 
emission  is  centered  at  1235  nm  and  has  a  bandwidth  of  ~  22  nm.  The  spectral  range  for  laser  emission  is 
expected  to  extend  from  850-1300  nm  if  the  parasitic  absorption  may  be  minimized  by  improved  crystal  growth 
technique,  making  it  one  of  the  most  widely  tunable  solid  state  lasers  in  this  spectral  region.  The  large 
fluorescence  bandwidth  of  the  crystal  promises  ultrashort  pulse  generation  through  mode  locked  operation. 
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LOW  JITTER  PASSIVE  MODE-LOCKING  OF  A  Nd:YAG  LASER 
UTILIZING  ACTIVE  Q-SWITCHING 

A  Summary  By  Stanley  J.  York 
Laser  Applications,  Inc.  Division  of  Lasermetrics ,  Inc. 

3500  Aloma  Ave.,  Winter  Park,  FL  32792  (305)  678-8995 

This  paper  describes  a  method  of  actively  Q-switching  the  gain  of  a  pulsed  laser  cavity  in  order  to  achieve 
a  synchronizable  mode-locked  pulse  train  derived  from  an  intracavity  dye  cell.  Effectively,  a  synchronizing 
trigger  pulse  is  generated  before  the  onset  of  laser  action. 


Introduction 


A  typical  passively  mode-locked  pulsed  laser  can  be  made  to  emit  a  train  of  very  short,  high  power  pulses 
each  time  the  flashlamp  is  fired  (Figure  lA) .  But  because  of  the  inherent  instabilities  present  in  such 
a  system,  the  time  "window"  where  the  mode-locked  pulse  train  appears  can  be  many  orders  of  magnitude  wider 
than  the  pulse  train  itself  (Figure  2).  This  can  make  it  very  difficult  to  synchronize  an  extracted  pulse 
to  an  external  event. 


MODE  LOCKING  WINDOW 
12S|iS 


TIME 


FIG.  2 


Figure  1  A  and  B 

Shown  here  is  a  typical  mode-locked 
pulse  train  obtained  from  a  pulsed 
NdiYAG  laser  system  (A),  and  ;he 
results  of  longitudinal  mode 
beating  (B).  The  hump  in  the 
baseline  of  the  lower  trace  is 
due  to  higher-order  longitudinal 
mode  pulses  appearing  more  closely 
spaced  than  the  two  strong  modes 
and  the  comparatively  slow  response 
of  the  photodetector  at  these 
higher  frequencies. 


Figure  2: 

This  shows  a  typical  flashlamp 
firing  envelope,  the  pump  level 
of  which  is  chosen  to  produce  an 
oscillator  energy  just  above  laser 
threshold.  The  mode-locking  window 
in  this  instance  is  125  uS  wide, 
which  is  vastly  greater  than  the 
typical  mode-locked  train  envelope 
(70-100  nS.  FWHM) . 
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There  are  many  variables  in  any  pulsed  laser  system  that  can  cause  the  instabilities  mentioned.  Among  these 
are : 


a)  Instantaneous  rod  temperature  and  its  effects  on  the  beam  Integrity  within  the  cavity. 

b)  Absorption  of  light  energy  in  the  coolant  surrounding  the  laser  rod  and  flashlamp. 

c)  Lamp  aging. 

d)  The  transverse  and  longitudinal  mode  structure  of  the  laser  beam. 

e)  The  discharge  capacitor  bank  voltage. 

Each  of  these  problems  are  discussed  in  more  detail. 

The  rod  temperature  cannot  be  held  constant  during  a  lamp  firing  pulse  because  of  the  energy  being  delivered 
to  it  by  the  flashlamp.  This  is  a  readily  acceptable  cause  of  Instability  due  to  the  thermal  gradient  setup 
in  the  rod  at  the  moment  of  lasing.  The  rod  behaves  as  a  long  focal  length  positive  lens,  converging  the 
beam  and  causing  some  of  the  reflected  rays  to  re-enter  the  rod  off  axis,  altering  the  energy  distribution 
of  the  beam.  Because  of  the  changes  in  Che  energy  distribution,  the  gain  of  the  cavity  can  be  slightly 
different  from  shot  to  shot.  This,  in  turn,  will  affect  lasing  threshold,  causing  the  mode-locked  train 

to  appear  earlier  or  later,  depending  on  the  direction  of  change  of  gain.  Mode-locking  on  pulsed  systems 

is  normally  accomplished  just  above  lasing  threshold.  Higher  levels  than  this  may  cause  multiple  pulse 
trains  to  appear. 

The  absorption  of  light  energy  by  the  water  coolant  surrounding  the  laser  rod  and  lamp  can  change,  though 
usually  on  a  long-term  basis.  Any  particles  suspended  in  the  coolant  could  sweep  past  (or  even  adhere  to) 
the  rod  and  lamp.  A  mass  of  suspended  particulates  could  absorb  a  large  proportion  of  the  available  light 
energy,  thereby  affecting  the  rod  pumping  level. 

As  a  lamp  is  used,  its  electrodes  gradually  lose  the  surface  protection  they  had  when  new.  The  instantaneous 
temperature  within  the  lamp  body  is  high  enough  to  vaporize  a  small  portion  of  the  electrodes  with  each 
firing,  and  the  metal  vapors  are  deposited  onto  the  walls  of  the  lamp,  causing  a  gradual  buildup  that  will 
reduce  the  output  energy  of  the  lamp  over  a  period  of  time. 

The  mode  structure  of  the  beam  can  have  an  effect  on  the  mode-locked  train.  If  some  high  energy  hot  spots 
occur  in  an  otherwise  low  energy  pulse  field,  they  can  seriously  reduce  the  total  energy  within  the  beam, 
and  a  pulse  train  of  low  amplitude  results.  This  is  a  common  occurance  in  a  multimode  laser  beam.  It  would 
follow  from  this,  chat  the  amplitude  stability  is  very  dependent  on  the  uniformity  of  the  beam  spatial 

profile.  It  is  also  a  well  known  fact  that  the  damage  threshold  of  an  optical  surface  is  much  higher  in 

the  case  of  a  TEMoo  beam  than  for  a  multimode  beam  (Reference  1).  For  these  reasons,  the  mode-locked  pulsed 
laser  should  always  be  made  to  operate  in  a  TEMoo  mode.  If  more  than  one  strong  longitudinal  mode  is 
present,  it  too  can  deteriorate  the  mode-locked  train  (Reference  2).  In  this  case,  a  second  series  of  pulses 
can  be  detected  in  between  the  main  pulses  of  the  train  (Figure  IB).  The  pulses  may  or  may  not  be  of  equal 
amplitude.  When  this  does  occur,  pulse  frequency  is  apparently  doubled  and  individual  pulse  extraction 
becomes  difficult  because  of  the  now  shorter  time  interval  between  pulses.  One  way  of  reducing  this 
longitudinal  mode  beating  is  to  reduce  the  number  of  parallel  surfaces  within  Che  oscillator  cavity.  This 
can  be  done  by  adjusting  the  oscillator  mirrors  to  produce  an  off-axis  beam  (Figure  3)  the  amount  of  skew 
is  minor,  and  a  1/2-1  degree  tilt  should  suffice.  Alternatively,  using  a  rod  with  wedged  end  faces  has  given 
the  same  experimental  results. 


Figure  3 

This  illustration  shows 
the  laser  beam  entering 
the  rod  off  axis.  In  this 
case,  the  displacement 
angle  is  greatly 
exaggerated  where  normally 
one  degree  should  be  enough 
to  reduce  the  number  of 
longitudinal  modes  present. 
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Discharge  capacitor  bank  voltage  variations  have  the  greatest  bearing  on  mode-locked  train  jitter  since  lamp 
pump  energy  is  proportional  to  the  square  of  the  applied  voltage.  Any  variations  seen  here  will  be  directly 
reflected  in  the  emergent  beam.  The  mode-locked  laser,  as  stated  earlier,  is  operated  just  above  laser 
threshold.  A  slight  variation  in  bank  voltage  can  put  the  rod  into  a  lasing  or  non-lasing  energy  level, 
giving  occasional  loss  of  output.  This  is  a  major  disadvantage  of  working  so  close  to  laser  threshold. 

Of  these  instabilities,  the  two  influencing  mode-locking  the  most  are  the  mode  structure  and  discharge 
voltage . 


Theory 


These  experiments  were  performed  to  determine  if  the  gain  of  the  system  could  be  controlled  until  a 
predetermined  time  had  elapsed  (allowing  the  rod  to  become  fully  populated)  such  that  the  rate  of  change 

of  energy  buildup  within  the  cavity  would  be  more  uniform.  This  would  allow  the  mode-locking  to  take  place 
within  a  narrower  time  window. 

By  pumping  the  lamp  near  to  the  maximum  capacity  of  the  power  supply  used,  it  was  felt  that  voltage 

variations  would  be  kept  to  a  minimum.  Therefore,  the  energy  being  delivered  to  the  lamp  would  be  more 

closely  controlled.  (In  the  system  used,  the  voltage  charge  on  the  capacitor  bank  is  detected  by  a 
comparator  circuit  that  gives  a  constant  error  signal  across  the  range  of  charge  voltage.  Operating  the 
system  near  to  maximum  will  thus  produce  only  a  small  error  voltage  on  the  capacitor  bank.  Energy  is 
proportional  to  and,  since  dV  is  a  smaller  proportion  at  higher  voltages,  dV^  would  also  be  small.)  This 
would  then  eliminate,  as  far  as  possible,  one  of  the  main  instabilities. 

The  Optical  Cavity 

Figure  4  shows  the  ’xperlmental  setup  used.  In  a  normal  pulsed  Q-switched  system  the  Pockels  cell  and 
crossed  polarizers  are  usually  placed  on  the  fully  reflecting  mirror  side  of  the  laser  head  in  order  to 

achieve  maximum  contrast  ratio  in  the  beam  (Reference  3  and  4).  This  affords  the  highest  energy  pulse, 
consistent  with  shortest  pulses  time  (typically  10-20  ns,  depending  on  system  configuration). 


1  2 


3  4  5  6  7 


CONVENTIONAL  Q -SWITCHING  ARRANGEMENT 


1  4  2  3  5  6  7 

I  s  1  mrziiEiizi  I 

MODIFIED  Q-SWITCHING  ARRANGEMENT 

1  FRONT  MIRROR 

2  SPATIAL  FILTER 

3  LASER  ROD 

4  VERTICAL  POLARIZER 

5  POCKELS  CELL 

6  HORIZONTAL  POLARIZER  FIG.  4 

7  REAR  MIRROR 


Figure  4: 

Illustrated  here  is  the 
comparison  of  optical  cavities 
between  conventional 
Q-switching,  and  Q-switching 
and  mode-locking  together. 
Notice  how  the  Q-switching 
elements  have  been  split  (see 
text)  . 
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In  this  configuration  however,  the  Q-switching  elements  have  been  split  to  allow  some  laser  leakage.  This 
was  done  to  reduce  the  contrast  ratio  (and  therefore  the  gain)  of  the  system,  when  the  Pockels  cell  switches. 
[(During  the  course  of  these  experiments,  several  mirrors  and  a  Nd:YAG  rod  suffered  damage  to  the  optical 
coatings  when  the  conventional  Q-switch  layout  was  used.  Estimated  power  densities  exceeded  2.5  x  lO’  W/cm^ 
at  the  time  of  these  tests.)] 

The  spatial  profile  of  the  beam  is  controlled  by  the  inclusion  of  an  intracavity  mode  selecting  filter  0.059 
inches  in  diameter.  This  maintains  a  TEMoo  beam  profile. 

The  equipment  used  in  these  experiments  was  all  standard  Laser  Applications  products  with  no  modifications. 
The  laser  system  was  a  Model  9401  high  pulse  rate  laser  utlizing  a  4  x  79  mm  Nd.-YAG  rod  with  1°  wedged  faces. 
The  Q-switch  and  driver  electronics  were  standard  Model  1059FV  Pockels  cell.  Model  GP4  high  voltage  pulse 
generator,  and  Model  8905B  high  voltage  decoupling  network.  The  polarizers  were  10  ram  calcite  cubes  AR 
coated  for  a  1.06  um.  All  optical  components  were  mounted  on  a  single  rail  extrusion  2  meters  in  length. 
The  modular  design  of  the  equipment  makes  it  very  easy  to  change  cavity  configuration  without  seriously 
affecting  the  alignment. 

The  dye  concentration  was  increased  from  the  normal  strength  in  order  to  suppress  the  weaker  longitudinal 
modes,  which  along  with  the  1°  wedged  rod  faces,  appeared  to  work  well  in  minimizing  the  secondary  pulses 
mentioned  above. 

During  the  alignment  and  optimization  procedure  of  the  cavity,  it  was  noticed  that  the  mode  locked  pulse 
train  timing  would  change  with  respect  to  the  Pockels  cell  firing  pulse.  This  can  be  easily  explained  as 
the  result  of  increasing  gain  allowing  the  Intracavity  energy  to  build  up  to  lasing  levels  in  a  shorter  time 
and  a  reduced  gain  building  up  energy  in  a  longer  time  (Figure  5  A  and  B) . 


Figure  5  A  and  B: 

This  illustration  shows  how  the 
mode-locked  train  appears  on 
an  oscilloscope  triggered  from 
the  pockels  cell  high  voltage 
pulse.  As  any  of  the  gain 
changing  parameters  (bank 
voltage,  mirror  alignment,  etc.) 
are  adjusted,  the  pulse  train 
envelope  appears  to  "walk"  toward 
or  away  from  the  synchronizing 
high  voltage  pulse  (A).  The 
optimum  position  for  the  pulse 
train  is  as  short  as  possible 
without  Incurring  distortion 
to  the  baseline  (B)  . 


Observations  and  Conclusions 

The  four  photographs  that  follow  show  a  series  of  multiple  exposures  of  the  mode  locked  train  as  seen  on 
the  highspeed  oscl llascope .  In  each  picture,  ttiere  are  approximately  30  superimposed  pulse  trains.  This 
was  done  to  see  how  much  spread  there  was  in  the  pulse  train  timing.  It  can  be  seen  from  these  photographs 
that  as  the  '^ain  of  the  system  Increases,  the  closer  the  mode  locked  pulse  train  appears  to  the  Pockels  cell 
trigger  pulse. 
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Photo  1 


Photo  2 


^OOrV 


Photo  4 


In  Photo  1,  the  pulse  appears  approximately  3-4  us  after  the  Q-switch  pulse  and,  bearing  in  mind  that  the 
pulse  train  is  only  60-70  ns  wide,  the  timing  jitter  is  about  10  times  the  width  of  the  train.  The  timebase 
scale  here  is  500  ns  per  division. 

In  Photo  2,  the  laser  gain  has  been  increased  by  changing  the  discharge  capacitor  bank  voltage  only,  all  other 
operating  parameters  were  left  untouched.  Note  that  the  pulse  train  appears  800  ns  after  the  Q-switch  pulse, 
and  that  the  timing  jitter  is  down  to  about  200  ns.  This  is  still  not  optimized,  the  timing  jitter  being 
3  times  the  width  of  the  mode-locked  train.  Timebase  here  is  200  ns  per  division. 

In  Photo  3,  the  cavity  is  almost  optimized.  The  gain  was  increased  by  increasing  the  discharge  voltage  a 
further  5%  over  the  last  photograph.  Notice  now  that  the  delay  after  the  Q-switch  pulse  is  only  500  ns  and 
that  the  timing  jitter  is  down  to  approximately  one  round  trip  time  in  the  cavity. 

Photo  4  is  a  5x  timebase  expansion  of  the  third  shot  and  shows  again,  approximately  30  superimposed  pulse 
trains.  Where  successive  pulses  have  overlapped,  there  is  a  reinforcement  of  Che  image  showing  low  timing 
errors.  The  broad  baseline  is  due  to  multiple  overwriting.  Timebase  speed  here  is  20  ns  per  division,  and 
the  timing  jitter  is  ±  10  ns  or  one  round  trip  time  of  the  cavity. 


Controlling  the  gain  of  the  pulsed  laser  system  in  the  aforementioned  manner  has  yielded  some  unique  and 
surprising  data  about  the  operation  of  the  system.  The  aim  of  the  experiment  was  to  see  if  a  more  predictable 
pulse  train  could  be  produced  if  the  gain  of  the  system  were  controlled,  and  it  would  appear  to  be  a 
successful  venture. 
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Abstract 


An  electronic  feedback  method  for  the  control  of  output  pulse  shape  is  presented  that  has  been  successfully  implemented  on 
the  Nd:glass  Chroma  laser  at  KMS  Fusion,  Inc.  With  this  technique,  well  controlled  high-power  pulses  in  the  10  to  300  ;is 
pulselength  range,  with  pulse  energies  up  to  2  kJ,  have  been  produced.  Three  sampling  photodiodes  are  used  at  various  points 
in  the  laser  system;  signals  from  these  photodiodes  modulate  the  radio-frequency  signal  that  drives  the  acousto-optic  modulator 
in  the  master  oscillator.  With  proper  amplification  of  these  photodiode  signals,  the  system  can  compensate  for  relaxation 
oscillations  and  other  instabilities  in  the  master  oscillator  and  for  gain  fluctuations  in  the  subsequent  power-amplification  system. 


Introduction 


The  Chroma  laser  at  KMS  Fusion,  Inc.,  is  a  high-power  master-oscillator  power  amplifier  (MOPA)  system  originally  designed  for 
inertial  confinement  fusion  experiments.  The  laser  system  was  therefore  designed  for  output  pulses  of  nanosecond  or  shorter 
duration.  Recently,  however,  experiments  have  been  performed  in  support  of  strategic  defense  and  related  technology’  that 
required  long  (0.2  to  300  iis)  pulses.  Operation  of  the  laser  over  these  long  pulselengths  allows  many  more  time-dependent  pulse 
distortions  to  develop  that  hinder  pulse-to-pulse  repeatability  and  impede  subsequent  data  analysis.  The  method  described  here 
was  developed  for  use  with  laser  output  pulses  in  the  10  to  300  pulselength  range. 


The  Chroma  Laser  Facility 

The  layout  of  the  Chroma  laser  is  shown  in  Figure  1 .  The  system  consists  of  a  Nd:YLF  master  oscillator  and  a  series  of 
Nd.glass  laser  amplifiers  and  beam-control  optics.  When  they  leave  the  system,  the  two  main  target-illumination  beams  have  the 
characteristics  shown  in  Table  1 .  A  third  diagnostic  beam,  with  somewhat  less  total  energy.  Is  also  available.  The  system  can  be 
operated  at  either  the  fundamental  1 .053  /tm  Nd;YLF  wavelength  or  at  the  second  harmonic  (0.527  /zm). 


Figure  1.  Schematic  diagram  of  the  Chroma  laser  facility.  A  pulse  from  a  low-power  Nd:YLF  oscillator  is  amplified  through  a 
series  of  Nd:glass  amplifiers. 
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Table  1 .  Capabilities  of  the  Chroma  Laser 


Pulse  Length  IR  (1 .053  ^m)  Green  (0,527  )tm) 


20—100  ps 
0.5  ns 
1.0  ns 

200  ns— 300  pts 


1.8  TW 
500  J 
800  J 
2000  J 


1.3  TW 
300  J 
400  J 


The  master  oscillator  design,^'®  shown  in  Figure  2,  contains  both  an  acousto-optic  mode-locker  and  an  acousto-optic  Q-switch 
for  short-pulse  operation.  For  long-pulse  operation,  the  mode-locker  can  be  disabled  and  two  etalons  inserted  into  the  laser  cavity 
to  select  a  single  axial  mode  of  the  resonator.  The  oscillator  is  pumped  with  a  3.5  ms  constant-current  flashlamp  pulse  that 
allows  the  oscillator  to  operate  at  up  to  10  mJ  per  pulse. 


AOML  =  Acousto-Optic 
Modelocker 

AOQ-SW=  Acousto-Optic 
Q-Switch 

El,  E2  =  Etalons 
Mq,  Mf  =  End  Mirrors 


Figure  2.  Chroma  master  oscillator  design.  An  acousto-optic  modelocker  and  Q-switch  are  available  for  short-pulse  operation. 

Two  etalons  are  available  for  selection  of  a  single  longitudinal  mode  for  long-pulse  work. 

The  uncontrolled  output  pulse  shown  in  Figure  3  is  typical  of  pulses  generated  during  long-pulse  operation  of  the  oscillator.  An 
appropriate-length  portion  of  such  a  pulse  is  selected  by  Pockels  cells  and  then  amplified  in  the  glass  amplifier  system.  It  can  be 
seen  from  the  oscillograph  in  Fig«>r9  2  that  the  uncontrolled  oscillator  pulse  contains  some  features  that  make  experiments 
difficult.  Most  notable  are  the  relaxation  oscillations,  which  cause  spikes  at  the  beginning  of  the  pulse  that  are  about  an  order  of 
magnitude  higher  in  intensity  than  the  steady-state  value.  These  oscillations,  which  occur  at  a  frequency  of  about  20  kHz, 
dampen  out  significantly  within  a  few  milliseconds,  but  can  easily  be  reinitiated  by  any  disturbance  within  the  resonator.  Less 
obvious  from  the  figure  are  mechanical  and  thermal  fluctuations,  which  cause  intensity  variations  in  the  frequency  range  of 
500  Hz  to  5  kHz. 


Figure  3.  Oscillograph  of  the  uncontrolled  Chroma  oscillator  output.  Relaxation  oscillations  cause  spikes  that  are  about  an 
order  of  magnitude  higher  in  intensity  than  the  steady-state  value. 
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Time-dependent  gain  fluctuations  in  the  Ndiglass  amplifiers  also  cause  unwanted  intensity  fluctuations  in  the  laser  output.  The 
amplifiers  are  pumped  with  flashlamp  pulses  that  provide  nearly  gaussian  temporal  small-signal  gain  profiles  of  about  200  ^^s  full 
width  at  half  maximum.  Amplifier  small-signal  gain  variation  combines  with  saturation  effects  at  high  power  levels  to  provide  gain 
that  can  vary  dramatically  during  a  typical  long  pulse.  An  example  of  these  gain  variations  can  be  seen  in  Figure  4.  The  top 
oscillograph  trace  shows  the  laser  output  pulse  and  the  bottom  trace  shows  the  master  oscillator  input  pulse. 

The  output  shown  in  Figure  4  is  typical  of  the  laser  output  in  the  absence  of  feedback  control.  Not  only  does  the  laser  output 
vary  with  time,  making  data  reduction  difficult,  but  pulse-to-pulse  variation  in  total  output  energy  can  be  as  much  as  20%.  The 
purpose  of  the  feedback  loop  is,  therefore,  to  eliminate  these  intensity  fluctuations  and  provide  a  well  controlled,  predictable 
laser  output. 


Figure  4.  Bottom  oscillograph  trace:  250  ns  portion  of  the  oscillator  pulse  selected  by  Pockels  cells.  Top  oscillograph  trace: 
Same  250  fis  pulse  after  amplification  in  the  Chroma  amplifiers.  Effects  of  both  flashlamp-pumped  amplifier  gain  profile  and 
gain  saturation  can  be  seen  in  the  high-power  pulse. 


Feedback  Method 


The  feedback  employed  for  control  of  the  Chroma  laser  uses  three  separate  sampling  photodiodes  at  various  points  in  the 
laser  system.  Signals  from  these  photodiodes  modulate  the  radio-frequency  (RF)  signal  that  drives  the  acousto-optic  modulator 
(Q-switch)  in  the  master  oscillator.  A  block  diagram  of  the  system  is  shown  in  Figure  5. 


Figure  5.  Block  diagram  of  the  laser  feedback  system.  Three  sampling  photodiodes  (PD1,  PD2,  PD3)  are  used  to  control  laser 
output. 
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The  first  p,.otodiode  is  located  immediately  outside  of  the  oscillator  cavity  and  monitors  the  light  reflected  from  an  input 
Pockels  cell  polarizer.  The  signal  from  this  photodiode  is  amplified  and  fed  into  an  RF  mixer  that  modulates  the  RF  signal  to  the 
Q-switch.  The  bandwidth  of  this  first  loop  is  limited  only  by  the  response  time  of  the  acousto-optic  Q-switch  (which  is 
approximately  0.2  fis  because  of  acoustic  transit  time  in  the  device).  This  loop  virtually  eliminates  relaxation  oscillations  in  the 
oscillator,  even  thougii  it  has  a  somewhat  slower  response  time  than  ir.ost  previous  feedback  schemes  that  use  Pockels  cell 
modulators.'*®® 

Figure  6(a)  is  an  oscillograph  of  the  signal  from  photodiode  #1  after  this  first  feedback  loop  is  closed.  Although  this  first  loop 
compensates  for  relaxation  oscillations,  lower-frequency  intensity  variations  can  still  be  seen  in  the  oscillator  pulse.  Attempts  to 
increase  the  gain  in  the  loop  to  compensate  for  lower-frequency  variations  force  the  system  into  high-frequency  (1  MHz) 
feedback  loop  oscillations  before  the  low-frequency  variations  can  be  controlled. 

A  second  feedback  loop  is  used  to  compensate  for  low-frequency  intensity  variations.  Signals  from  the  two  photcuiodes  used 
in  this  loop  are  filtered  through  a  lew-pass  filter  (3  dB  point  at  300  Hz).  One  photodiode  (#2  in  Figure  5)  samples  the  laser  beam 
reflected  from  the  output  Pockels  cell  polarizer,  while  the  other  (#3  in  Figure  5)  samples  the  laser  beam  at  the  end  of  the  laser 
amplifier  system.  The  oscillator  output,  sampled  by  photodiode  #2,  is  stabilized  by  the  feedback  control  well  before  voltage  is 
applied  to  the  Pockels  cell  that  switches  the  pulse  input  to  the  amplifiers.  Figure  6(b)  shows  a  resulting  controlled  oscillator  pulse 
approximately  3.5  ms  I'jng  that  was  recorded  by  photodiode  #2. 

When  high  voltage  is  applied  to  the  Pockels  cell,  the  laser  beam  propagates  through  the  output  polarizer,  eliminating  the 
signal  to  photodiode  #2  and  transferring  the  entire  low-frequency  control  of  the  laser  output  to  photodiode  #3.  This  photodiode 
then  drives  the  oscillator  output  to  compensate  for  gain  changes  in  the  amplifier  system.  An  example  of  the  signal  recorded  by 
photodiode  #2  when  the  full  feedback  system  is  in  operation  can  be  seen  in  the  lower  oscillograph  trace  in  Figure  6(c).  The 
upper  trace  in  this  figure  shows  the  output  of  the  oscillator  during  the  same  period.  As  can  be  seen,  the  response  of  the 
oscillator  compensates  for  the  gain  fluctuations  in  the  amplifier  system,  resulting  in  a  square  pulse  at  the  output  of  the  system. 

By  varying  the  reference  signal  in  the  feedback  loop,  virtually  any  desired  pulse  shape  can  be  produced  at  the  output  of  the 
laser. 


Figure  6.  Operation  of  the  Chroma  oscillator  with  feedback  control,  (a)  Oscillator  output  after  closure  of  the  first  feedback  loop 
as  monitored  on  PD1.  Relaxation  oscillations  are  eliminated,  (b)  Oscillator  output  after  closure  of  the  second  feedback  loop  as 
monitored  on  PD2.  Low-frequency  distortions  are  now  controlled,  (c)  Chroma  operation  with  entire  feedback  system  in 
operation.  Top  trace;  Portion  of  oscillator  pulse  selected  for  amplification.  Bottom  trace;  High  power  Chroma  output  as 
monitored  on  PD3.  The  feedback  system  causes  the  oscillator  output  to  compensate  for  variation  in  amplifier  gain  resulting  in 
a  flat  high-power  output  pulse. 


Results 


Results  of  interest  were  obtained  from  both  the  oscillator  and  the  system  as  a  whole.  Figure  7  shows  oscillographs  of  various 
waveforms  generated  in  the  oscillator,  along  with  the  RF  signals  to  the  Q-switch  that  were  needed  to  produce  them.  It  is 
interesting  to  note  that  only  a  small  amount  of  RF  modulation  is  needed  to  produce  dramatic  modulation  in  the  osciilator  output 
at  relatively  high  modulation  frequenc'es  (Figures  7(b)  and  7(c)),  while  much  larger  RF  variations  are  required  for  low-frequency 
modulation  (Figure  7(a)).  This  effect  is  due  to  the  dynamics  of  energy  storage  in  the  lasing  medium. 


Figure  7.  Oscillographs  of  modulated  oscillator  output.  Top  traces  show  oscillator  output.  Bottom  traces  show  RF  drive  to  the 
acousto-optic  modulator,  (a)  3.5  ms  square  pulse  (b)  5.6  kHz  triangle  wave  (modulation  depth  >  90%).  (c)  5.0  kHz  square  wave 
(modulation  depth  >  95%).  Modulated  oscillator  output  with  nearly  any  electrically  producible  waveform  is  possible  using  this 
feedback  system. 
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Examples  of  high-power  laser  output  pulses  obtained  using  this  technique  can  be  seen  in  Figure  8.  Similar  results  were 
obtained  for  both  single-frequency  operation  and  trains  of  mode-locked  pulses.  Square  pulses  varying  from  8  to  250  /is  have 
been  produced,  as  have  triangular  pulse  shapes  (which  have  proven  useful  for  certain  power-scaling  measurements  of  nonlinear 
processes).  Comparison  of  Figures  8  and  4  illustrates  the  extent  of  feedback  control  possible  with  this  system. 


Figure  8.  Examples  of  high  power  laser  output  pulses  achieved  on  Chroma  with  this  feedback  technique.  Top  oscillograph 
traces:  high  power  laser  output.  Bottom  oscillograph  traces:  oscillator  output  used  for  amplification  to  produce  the  pulses 
shown  above.  Pulse  parameters:  (a)  Single  frequency;  270  J;  250  jis.  (b)  100  ns  train  of  140  ps  modelocked  pulses,  700  J  total 
energy,  (c)  Single  frequency;  75  J;  250  /iS  at  base.  The  feedback  system  allows  precise  control  of  the  laser  output. 

Conclusions 

The  performance  of  the  Chroma  laser  In  long-pulse  operation  has  been  significantly  improved  by  the  addition  of  the  feedback 
system  described  here.  Relaxation  oscillations  and  other  intensity  variations  in  the  master  oscillator  have  been  eliminated. 
Arbitrarily  shaped  pulses  10  ns  to  10  ms  long  with  pulse  energies  up  to  10  mJ  can  now  be  consistently  produced  by  the 
oscillator.  The  system  also  compensates  for  gain  fluctuations  in  the  amplifier  system,  allowing  for  production  of  arbitrarily  shaped 
high-power  output  pulses  10  to  300  ns  long  at  energy  levels  up  to  2000  J,  with  shot-to-shot  repeatability  within  a  few  percent. 
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Abstract 


Procedure  for  calculating  the  spatial  and  temporal  distribution  of  electromagnetic  field 
inside  Q-switched  stable  and  unstable  laser  resonators  is  developed.  The  influence  of 
different  aperture  sizes  and  laser  pumping  on  the  laser  pulse  energy,  beam  divergence  and 
intensity  profile  is  in  good  agreement  for  the  studied  case  of  a  Nd:YAG  laser. 


Introduction 


Steady  state  laser  modes  in  empty  and  active  laser  resonators  have  been  extensively 
treated  in  the  literature^ ' ^ ^ ^ ^ These  modes  can  then  be  used  to  describe  laser  output 
in  steady  state  operation.  The  mode  structure  of  the  output  beam  determines  the  spatial 
coherence  properties  of  the  laser  output  and  is  therefore  a  basic  measure  of  the  quality  of 
the  laser  beam.  These  properties  are  of  equal  importance  in  the  case  of  Q-switched  lasers 
as  well.  Due  to  lack  of  published  model  computations  of  such  systems  we  set  out  to 
calculate  in  the  simplest  possible  model  the  spatial  behaviour  of  Q-switched  pulsed  lasers, 
with  Nd:YAG  as  a  particular  example. 

The  laser  pulses  in  such  lasers  build  up  in  a  few  roundtrips.  The  influence  of  the 
initial  spontaneous  emission  is  expected  to  be  strong.  The  space  between  the  mirrors  in  the 
laser  is  divided  in  equidistant  planes  with  active  medium  in  between. 


z=o 


-AZ- 


Figure  1  :  Laser  model.  Electric  field  is  calculated  on  planes  denoted  by  solid  lines. 

Active  medium  is  located  between  these  planes  and  is  denoted  by  dotted  lines. 


The  active  medium  is  described  by  the  population  inversion  only  and  is  treated  by  a 
single  rate  equation.  Electric  field  E  corresponding  to  the  spontaneous  emission 
contribution  is  defined  as  two  dimensional  complex  variable  with  random  phase.  This  initial 
spontaneous  emission  field  is  free  space  propagated  by  Fourier  transform  algorithm^'®''. 
The  free  space  propagated  electric  field  is  corrected  for  amplification  in  the  active 
medium.  Before  the  next  free  space  propagation  the  spontaneous  emission  contribution  is 
added.  In  the  last  step  new  population  inversions  in  each  volume  element  are  calculated. 
At  the  mirrors  the  electric  field  is  partially  reflected  and  partially  transmitted.  The 
phase  of  the  reflected  electric  field  is  corrected  for  mirror  curvature.  This  procedure  is 
repeated  until  the  laser  pulse  is  formed.  This  is  only  a  brief  description  of  the  method 
used,  details  will  be  published  elsewhere” . 
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Results 


The  above  method  has  been  used  in  the  case  of  the  two  dimensional  unidirectional  ring 
laser  resonator  with  plane  mirrors  and  Nd:YAG  as  active  medium.  Initially  the  laser  medium 
is  pumped  above  threshold.  During  the  pulse  evolution  the  pumping  process  is  neglected. 
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Figure  2  :  Instantaneous  electric  field  power  and  and  phase  of  the  electric  field  plot  for 
two  different  population  inversions  : 

a)  N=4.6.10^^m"^  (left  side) 

b)  N»6 . 4 . lO^^m"^  (right  side) 

Laser  lenght  is  168mm,  output  mirror  reflectivity  15.2%,  aperture  diameter  2mm  and  active 
medium  length  50mm. 
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Figure  3  :  Near  and  far  field  fluences  for  different  population  inversions  and  laser 
resonator  with  length  L“168mm,  output  mirror  reflectivity  15.2%  ,  aperture  diameter  2mm  and 
active  medium  length  50mm. 


438 


Calculations  have  been  made  for  a  set  of  different  initial  population  inversions  above 
the  threshold  value (N*4 . 5 . ) .  Typical  instantaneous  power  proportional  to  E  ^ ,  and 
phase  at  the  peak  of  the  laser  pulse  for  two  different  initial  population  inversions  are 
shown  in  figure  2.  At  lower  pumping  (N=4 . 6 . lO^^m"^)  the  electric  field  power  is  bell  shaped 
and  phase  is  nearly  constant  in  this  region,  indicating  high  spatial  coherence  degree.  The 
electric  field  power  at  higher  pumping  (N=6 . 4 . lO^^m-^ )  shows  two  peaks,  which  are 
represented  with  two  flat  regions  in  the  phase  profile.  The  shape  of  power  and  phase 
profiles  changes  randomly  in  time. 

Fluences  have  been  obtained  by  summing  up  the  instantaneous  power  profiles  in  near  and 
far  field  respectively.  Near  field  fluence  (fig.  3)  is  bell  shaped  only  for  pumping  at 
laser  threshold.  With  increasing  pumping  the  near  field  patterns  show  many  peaks.  The  far 
field  fluences  are  single  peaked  with  increasing  divergencies  with  increased  pumping. 
Diffraction  limited  operation  is  achieved  only  for  pumping  at  threshold. 

The  influence  of  aperture  diameter  on  spatial  properties  of  laser  beams  has  been  studied 
as  well.  The  initial  population  inversion  has  been  set  just  above  threshold (N=4 . 5 . j 
Diffraction  limited  operation  is  achieved  for  aperture  diameter  smaller  than  2.3mm.  With 
apertures  smaller  than  2.3mm  the  near  field  fluences  are  bell  shaped,  for  bigger  aperture 
diameters  laser  output  contains  many  peaks  (fig. 4). 
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Figure  4  :  Near  and  far  fluences  for  different  aperture  diameters  and  initial 
population  inversion  N=4 . 5 . lO^^m”^ ,  resonator  length  L=168mm,  output  mirror  reflectivity 
15.2%,  active  medium  length  50mm  and  plane  mirrors. 


Numerical  results  have  been  experimentally  verified  for  the  case  of  Nd:YAG  laser  with 
plane  mirrors  and  electro-optic  Q-switching.  Near  and  far  field  energy  distribution  in 
laser  beams  have  been  measured  by  Spiricon  16*16  pyroelectric  array.  Calculated  and 
measured  divergencies  are  shown  in  figure  5.  remarkably  good  agreement  is  obtained  between 
calculated  and  experimental  values. 
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Fig.  5  ;  Divergence  of  laser  beam  as  a  function  of  aperture  diameter.  Solid  line  denotes 
diffraction  limited  output,  calculated  values  are  denoted  by  crosses,  experimental  values 
by  circles. 


Experimental  values  have  been  obtained  as  a  cross  section  through  the  laser  beam  center 
in  a  direction  perpendicular  to  the  flash  lamp-laser  rod  axis.  Experimental  energy 
distributions  in  near  and  far  field  in  the  flash  lamp-laser  roa  axis  show  more  peaks  due  to 
increased  inhomogeneity  of  laser  rod  pumping  in  that  direction.  Calculated  beam 
divergencies  are  smaller  than  experimental  ones  due  to  asumed  homogeneous  pumping  in  our 
model . 


Conclusions 


We  have  described  a  new  procedure  for  calculating  electromagnetic  field  distributions  in 
pulsed  Q-switched  lasers.  The  influence  of  laser  pumping  and  aperture  diameters  on  spatial 
properties  of  laser  beams  has  been  studied.  Experimental  results  are  in  good  agreement  with 
theoretical  predictions.  This  model  can  be  used  for  computer  modelling  of  properties  of 
laser  beams  from  Q-switched  lasers. 
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Abstract 

Surface  emitting  diode  lasers  have  attracted  recently  much  attention  because  of  their 
potential  as  high-power  monolithic  two-dimensional  arrays  for  both  incoherent  or  coherent 
applications,  and  optical  interconnects  for  integrated  optics.  Compared  to  the  more 
conventional  rack  and  stack  approach  to  2-D  arrays,  monolithic  arrays  offer  reduced  testing 
and  production  cost  per  unit  area  for  large  arrays.  Several  approaches  to  monolithic 
surface  emission  are  available:  vertical  cavity,  and  grating  and  etched  mirror  outcouplers, 
and  these  are  described  in  this  paper.  TRW  results  using  45  degree  etched  micromirrors  for 
the  fabrication  of  a  monolithic  2-D  array  of  64  GaAs/GaAlAs  diode  lasers  are  reported. 

I .  Introduction 

A  monolithic  two-dimensional  (2-D)  diode  laser  array  can  be  obtained  by  wafer-scale 
integration  of  diode  lasers  which  emit  light  perpendicular  to  the  wafer  surface.  Two  basic 
approaches  are  available.  In  the  "vertical  cavity"  configuration,^'  ^  the  cavity  is  short 
(usually  less  than  10  urn)  formed  by  mirrors  at  top  and  bottom  surfaces  of  the  wafer  (Figure 
1) ,  In  the  "horizontal"  cavity  configuration,  the  cavity  extends  along  the  plane  of  the 
active  layer,  (thus  offering  a  high  gain-length  product) ,  similarly  as  in  the  more 
conventional  edge-emitting  lasers.  Surface  emission  (SE)  is  obtained  by  light  deflection: 
using  either  grating  outcouplers^"'  or  etched  mirror  def lectors^*^“^° . 

In  addition  to  their  use  for  construction  of  monolithic  2-D  arrays,  surface  emitting 
lasers  are  of  interest  for  other  applications,  such  as  optical  interconnects  and  signal 
processing  devices.  This  paper  summarizes  recent  advances  in  monolithic  surface-emitting 
arrays,  and  describes  TRW's  progress  in  the  fabrication  of  45  degree  deflecting  micromirrors 
and  a  large  (64  element)  2-D  array. 

II .  Approaches  to  Monolithic  SE  Lasers 
Vertical  Cavity 

In  the  vertical  cavity  configuration  (Figure  1) ,  the  optical  cavity  is  formed  by  mirrors 
at  top  and  bottom  surfaces  of  the  wafer^.  The  electrode  diameter  is  limited  by 
spontaneous  emission  to  about  20  urn,  and  the  thickness  of  the  gain  region  (in  devices  with 
top  injection)  by  the  injected  carrier  diffusion  length  to  several  micrometers.  This 
results  in  low  gain-length  product,  high  threshold  current  densities,  and  low  output 
powers.  High  reflectivity  mirrors  are  required  to  lower  the  threshold  current.  CW 
operation  was  obtained  recently  in  a  lateral  buried  hetero  structure  (LBH)  which  provides 
highly  efficient  carrier  confinement  and  increases  the  length  of  the  gain  region  through 
transverse  injection^.  CW  threshold  current  2mA  has  been  obtained  at  room  temperature, 
with  far  field  angle  7  degrees  (Figure  2) . 


Si02/Ti02  DIELECTRIC  MULTILAYER 


Figure  1.  Circular  buried  heterostructure  surface  emitting  lasers 
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45  Degree  Mirror  Outcouplers 

Etched  mirror  lasers  are  variations  of,  and  offer  similar  benefits  as  Fabry-Perot  cavities 
with  cleaved  facets.  The  cavity  is  formed  by  etched  semiconductor-air  interfaces,  with  the 
guided  emission  rotated  by  monolithic  45  degree  micromirrors. 

Figure  4  illustrates  two  etched  mirror  geometries.  In  Figure  4a,  the  micromirrors  are 
outside  the  resonating  cavity,  and  emission  is  through  epilayers.  Laser  performance  depends 
very  strongly  on  quality  of  the  etched  mirrors.  Using  mass  transport  techniques,  Liau  and 
Walpole^®' produced  very  smooth  parabolic  mirror  deflectors,  and  fabricated  2-D  arrays 
(112  lasers  on  1  mm  x  3  mm  area)  GalnAs  P  diode  lasers.  An  average  CW  output  of  14  mW  per 
laser  and  an  average  optical  flux  of  57  W/cm^  have  been  obtained  when  the  array  was 
operated  one  section  (approximately  14%  of  the  total  area)  at  a  time. 


Emission  Through  Substrate 


(A) 

Figure  4. 


Two  DIMENSIONAL  SURFACE  EMITTING  CONFIGURATIONS 
USING  45  DEGREE  DEFLECTING  MICROMIRROR 


Mass  transport  techniques  are  not  adaptable  to  GaAlAs,  and  ion  beam  etching  or  ion  beam 
assisted  etching  (IBAE)  must  be  used  instead.  Windhorn,  Goodhue,  and  Donelly^^'^^  used 
IBAE  process  to  fabricate  a  22  element  (5  m  stripes)  array.  The  array  had  3.2  amp  threshold 
current;  the  average  optical  flux  achieved  160  W/cm^  was  limited  bv  the  availability  of  the 
highest  (pulsed)  current  used,  10.5  amp,  in  these  experiments. 


In  Figure  4b,  the  mirrors  are  inside  the  resonating  cavity,  and  emission  is  through  holes 
etched  into  GaAs  substrate.  Although  there  are  diffraction  losses  between  the  45  degree 
micromirror  and  the  air  interface,  the  losses  are  low  (the  estimated  penalty  for  threshold 
current  is  less  than  20%) ,  and  can  be  tolerated  for  short  path  length.  The  through-substrate 
emission  was  first  proposed  and  demonstrated  by  Springthorpe^'* . 


Ill .  Fabrication  of  Deflecting  Mirrors 

The  main  issue  which  determines  performance  of  surface-emitting  lasers  is  the  quality  of 
the  deflecting  mirrors:  surface  smoothness  and  passivation,  accuracy  of  45  degrees,  and  in 
case  of  through-substrate  emission,  registration  of  deflecting  and  outcoupling  mirrors.  TRW 
has  addressed  all  critical  technologies  for  the  development  of  deflecting  mirrors,  and 
fabricated  both  through  epilayers  and  through  substrate  emitting  lasers. 

Emission  Through  Eoilavers 

Using  ion  milling  technique,  TRW  has  fabricated^’ ' both  the  vertical  facet  and  45 
degree  deflecting  mirrors  simultaneously.  A  typical  scanning  electron  micrograph  (SEM)  is 
shown  in  Figure  5.  The  smoothness  of  the  etched  mirrors  is  excellent.  The  laser 
performance  approaches  that  of  a  side  emitting  laser  (Figure  6) .  Figure  6  shows  L-I  curves 
of  10-element  linear  arrays  (total  width  50  ;ira)  of  cleaved  and  etched  lasers.  Currents  at 
threshold  differ  by  less  than  20%.  The  experimental  differential  efficiency  was  lower  for 
the  etched  laser  because  there  was  no  AR  coating  on  the  45  degree  micromirror  in  these 
arrays.  The  projected  (corrected  by  the  ratio  of  total  to  partial  reflectivity  of  uncoated 
45  degree  mirror)  differential  efficiency  approaches  that  of  the  cleaved  laser. 
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Figure  5.  Scanning  electron  micrograph  of  the  ion  milled  mirrors 
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Figure  6.  Power-current  characteristics  of  a  cleaved-etched  laser 


Figure  7  shows  the  top  view  of  a  typical  TRW  fabricated  through  epi  emitting  2-D  array. 
Each  bright  area  represents  emission  of  a  10  element  array.  The  observed  uniformity  of  the 
light  intensity  over  the  wafer  surface  indicates  high  degree  of  fabrication  uniformity. 

This  can  be  also  seen  from  L-I  characteristics  of  several  lasers  (Figure  8)  which  were  taken 
at  random  locations  on  the  wafer  surface.  For  a  (2  x  5)  two-dimensional  array  of 
10-element  lasers  (total  one  hundred  of  3  nm-wide  stripe  lasers) ,  the  output  power  was  over 
1.7  W  for  500  nanosecond  pulses  at  100  Hz.  TRW  has  recently  fabricated  also  a  (4  x  16)  2-D 
array  of  SE  emitters,  with  each  emitter  consisting  of  10  ^m  wide  stripe  lasers,  and  100  (>m 
center-to-center  spacing  between  the  emitters.  The  cavity  length  was  250  jim.  Figure  9 
shows  128  bright  shots  corresponding  to  two-sided  emission  from  each  laser  of  the  array. 


Figure  7.  The  top  view  of  a  2  x  5  surface  emitting  laser 
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Figure  9.  64  elements  monolithic 

TWO  DIMENSIONAL  SURFACE 
EMITTING  ARRAY 


Figure  8.  Power-current  characteristics 
ELEMENT  TWO  DIMENSIONAL 
SURFACE  EMITTING  LASER 


Another  important  issue  for  the  fabrication  of  large  arrays  is  the  uniformity  of  the 
processed  wafer.  Typical  wafer  size  processed  in  our  laboratory  is  0,5  in  x  0.75  in.  Each 
wafer  contains  hundreds  of  lasers.  Uniformity  and  reproducibility  studies  performed  at  TRW 
showed  that  from  a  good  wafer,  typically  more  than  95%  of  devices  lase,  with  threshold 
currents  within  10%  of  each  other. 

Emission  Through  Substrate 

For  long  pulses,  high  repetition  rate,  or  CW  operation,  arrays  with  through-epi  emission 
are  inadequate  because  the  waste  heat  must  pass  through  GaAs  substrate  (which  is 
comparatively  thick,  thickness  >  100  nm,  and  a  poor  thermal  conductor) ,  resulting  in 
excessive  overheating.  The  thermal  dissipation  issue  is  similar  here  as  for  all  lasers 
mounted  epi-junction  up.  Lasers  with  emission  through  substrate  (Figure  4b)  are  mounted 
junction  side  down  directly  on  the  heat  sink,  thus  offering  a  solution  to  thermal  problems 
associated  with  through-epi  emission. 

The  45  degree  micromirrors  are  internal  to  the  laser  cavity.  The  outcoupling  mirror  is 
etched  through  GaAs  substrate  to  GaAlAs  stop-etch  epilayer.  This  results  in  mirror-like 
surfaces  for  the  outcoupling  mirrors,  shown  in  Figure  10. 

One  of  the  critical  issues  for  substrate  emitting  lasers  is  the  angular  precision  of  the 
45  degree  deflecting  mirror.  To  minimize  transmission  and  diffractive  losses  (between  the 
deflecting  and  outcoupling  mirrors) ,  the  angular  tolerance  must  be  limited  to  less  than  2 
degrees.  This  puts  high  requirements  on  the  fabrication  process. 

The  first  through-substrate  emitting  laser  fabricated  in  our  laboratory  demonstrated 
very  promising  results.  A  typical  L-I  curve  of  a  laser  with  one  cleaved  and  one  etched  side 
is  shown  in  Figure  11.  The  threshold  current  density  is  about  100  mA  for  a  10-stripe  array, 
compared  to  70  mA  for  a  cleaved-cleaved  array  from  the  same  wafer.  The  differential  quantum 
efficiency  is  about  10%.  This  is  rather  low;  however,  the  orientation  of  the  deflecting 
mirror  was  only  40  degrees  for  this  laser,  which  degraded  the  laser  performance. 
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Figure  12.  Near  field  pattern  for  2x4  vertical  emission  array 
(through  substrate) 


Another  issue  which  must  be  addressed  before  large  2-D  arrays  are  fabricated,  is  the 
plating  of  thick  electrodes.  TRW  is  developing  this  and  other  critical  technologies,  and  is 
planning  to  fabricate  a  large  2-D  array  of  through-substrate  emitting  lasers  for  pumping  of 
solid  state  lasers. 
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Abstract 

Although  election  tunneling  devices,  such  as  the  MOM  point  contact  diode,  haec  proven 
to  have  fast  response  and  he  easy  to  fabricate,  they  arc  also  plagued  iiy  fabrication  rela¬ 
ted  instabilities  and  non-reproducibil itics  that  rendei  them  impractical  and  not  amenable 
to  iniest igat ions  regarding  their  basic  operating  mechanisms.  Mechanisms  such  as  thermally 
assisted  tunneling,  plasmon  conduction  and  irradic  switching  impair  diode  responsivity 
and  increase  noise.  We  have  arrived  at  a  highly  stabilized  MOM  point  contact  diode  after 
extensive  research  that  has  reduced  or  eliminated  most  of  the  instabilities.  The  deliberate 
1  \-  hooked  wliisker  tip  has  remoi’ed  expansion  due  to  radiation  heating,  thus  enabling  us  to 
study  the  thermally  assisted  tunnelng  mechanism.  The  well  controlled  etched  whisker  tip 
geometry  enables  us  to  clarif)-  the  role  of  plasmon  conduction  and  plasmon  modes  in  the 
tunneling  Junction.  The  known  junction  geometry  aids  in  the  understanding  of  switching  and 
Its  prevention.  Pxper iment a  1  results  are  presented  on  our  study  of  these  mechanisms  with 
the  stabilized  diode. 


Introduction 


The  me t a  1 -ox idc - meta 1  (MOM)  point  contact  tunneling  diode  with  its  long,  slender  whisker 
antenna  at  1  sharp  and  delicate  el cct rol yt ical ly  etched  tip  in  contact  with  a  thin  native 
metal  oxide  layer  as  the  insulating  tunneling  barrier,  has  demonstrated  its  superior  per¬ 
formance  as  a  room  temperature  detector-mixer  .operating  from  rf  to  the  near  infrared  with 
mixing  bandwidth  reported  in  the  hundreds  of  gigahertz.  However,  these  liighly  desirable 
detector  features,  such  as  the  long  antenna  with  an  extremely  sharp  tip  for  concentr-'ting 
and  enhancing  the  incident  radiation  field  near  the  tunneling  junction,  are  tlie  very  cau.se 
of  structural  instab  lities  that  have  hampered,  if  not,  totally  ruled  out  the  practical  us" 
of  such  a  diode.  These  fabrication  related  problems  have  also  rendered  study  of  diode  basic 
operating  mechanisms  almost  impossible.  Attempts  have  been  made  by  various  research  groups 
to  arrive^at  other  configurations,  such  as  the  discontinuous  metal  film  diode  1  and  the 
edge  MO''!  -  planar  structures  with  some  degree  of  success  by  trading  electrical  iicrformance 
for  mechanical  stability. 

We  have  long  held  the  opinion  that  the  MOM  point  contact  diode  is  simpler  to  analyze  and 
stabilize  by  virtut  of  its  simple  struc-urc  of  a  single  junction.  This  was  borne  ("it  in 
our  successful  fabric.'ition  of  a  stable  diode.  This  al.so  provides  us  with  the  oppoi  lunity 
to  further  improve  the  performance  of  the  diode  by  the  fact  that  wc  now  have  a  h.-indle  on 
inve.st  igiit  ing  the  basic  diode  conduction  mechanisms,  since  most  instabilities  have  been 
removed . 

'•laior  instabilities  of  the  diode  h.ivc  been  identified  by  us  to  be  mechanical,  thermal  and 
electrical  for  ;i  ty[)ic;i1  MOM  diode  made  u|i  of  a  tungsten  vvhisker  ;ind  a  nickel  post  with  a 
tPin  layer  of  natural  nickel  oxide.  Bv  a  systematic  implementation  of  the  electrolytic  etch 
ini',  procedure,  control  of  the  oxide  layer  thickness  and  controlled  hooking  of  the  etched 
tip  with  prescribed  shape,  we  have  liecn  able  to  produce  and  rc'pi'oduce  highly  stabilized, 
hooked-tip  point  contact  diodes  with  responsivity  comparable  to  diodes  with  unhooked  tips. 
Such  hookej-tip  diodes  are  highly  immune  to  normal  mechanical  vibrations,  electrical  shocks 
or  uncontrolled  switching  and  amliient  or  incident  radiation  healing,  tluis  the  potential  for 
high  powi-r  operation.  These  diudes  have  thus  been  subjected  to  CO,  laser  irradiation  for 
the  purpose  of  establishing  diode  performance  parameters. 

CO  I.aser  and  Diodes  vcith  Hnheoked  lips 


Ihe  t  pically  unstahilized  MOM  point  contact  diode  consists  of  a  tungsten  whiskei'  and  a 

iiicIlI  post  with  natiV'  oxide  laxei'  mounted  as  shown  in  Iig,  1.  Thi-  whisker  tip  is  moied 

into  contact  with  the  nickel  post  liv  a  ditforential  micrometer,  and  the  i-ntire  dinJo  mount 
1  CM  c  roi!i  1  n  1  pu  1  a  t>- vi  b’s  an  x Z  5  t  r,.ns  i  a  t  i  on  stage  such  that  tine  tip  will  he  i  I  1  u.ii  i  na  t  ed  h\- 

a  iocused  CO,  laser  hea:'i.  Ihe  detectc>l  signal  is  tapp'd  from  the  BNC  connector  (  aown  .  Ihe 

cv.  la-er  beam  is  c!i'.'ppi.'d  and  focused. 

figure  7  I  1  1  u  - 1  1  1 1 a  initial  attempts  at  lasir  di-tection  w  i  t  li  tiie  sliarp-tip,  unstahilize 
li'-do.  ilv'  evi  UiiL''  .'t  a  deti'cted  Signal  la  severelv  masked  he  noi.se,  a  t  t  r  i  I'li  t  ati  1  e  t '■ 

!i‘  itjn.,  :  a-  -l;i'-i  t'p.  Till-  1-  cleariv  \iTified  III  fig.  ,A  ,  wlu  re  the  iaaar  lieai'i  i-  not 

chopped  the  trac-.-i.  '-e'-nMiiglv  pvrio.lic  a  i  gna  1  i  ;a  atii;  recoiolia.!  due  most  likeli' 

t-  p',;:  'liic  e,p;:i  ir.t)  ,|od  c  e.i)  t  I  I  c  t  1  on  ■  1'  the  sharp  tip  uiulei  laser  irradiation.  Ihe  tung- 
a  t n  tip  'o.p.i'ol  sPin  h'eit'  '  h'.'  'lie  li-er  ridiatiiui  dn-ciH'r  into  tin-  ovide  laver  until 
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contact  is  made  with  actual  nickel  surface.  The  latter  then  acts  as  a  heat  sank,  cooling 
the  tungsten  tip  in  contact  with  it  and  causing  it  to  contract.  The  electrical  short  is 
then  broken,  and  the  tip  resumes  detection.  The  removal  of  the  heat  sink,  however,  causes 
the  tip  to  heat  up  and  tip  expansion  ensues.  This  heating  and  cooling  cycle  repeats 
in  a  periodic  fashion,  hence  the  periodic  signal  even  in  the  absence  of  chopping.  This 
periodic  signal  persists  even  chopping  resumes,  and  there  is  no  correlation  between  their 
frequencies.  However,  as  chopping  rate  increases,  the  detected  laser  signal  frequency 
begins  to  follow  the  former,  as  is  evidenced  in  Fig.  4.  Here,  thermal  effect  still  persists 
as  gently  sloping  envelopes,  on  which  the  detected  signal  rides  as  ripples.  The  envelopes 
are  indications  of  diode  resistance  states  under  heating.  .A.s  is  even  more  vividly  demon¬ 
strated  in  Fig.  5,  where  the  l-\'  characteristic  of  the  diode  is  monitored  in  conjunction 
with  the  detected  signal.  The  ever  changing  resistance  state  of  the  diode  reflects  also 
irradic  switching  of  the  diode,  as  reported  by  others  in  Fig.  6.  Threshold  and  memory 
switching  of  MOM  structures  has  been  extensively  reported  ^  as  the  result  of  Joule  heating 
by  the  incident  field  that  exceeds  the  heat  dissipation  of  the  insulator,  causing  Junction 
resistance  to  drop  rapidly.  As  the  ac  field  decreases  in  its  cycle,  the  conduction  channel 
cools  down,  and  the  high  resistance  state  is  restored.  The  high  temperature  state  causes 
metal  diffusion  from  the  electrodes  into  the  insulator,  creating  a  conducting  channel 
heavily  doped  with  electrode  metal  particles.  This  discontinuous  metal  filament  or  channel 
gives  rise  to  a  nonlinear  I-V  characteristic,  as  charge  carriers  arc  forced  to  tunnel 
through  high  resistance  insulating  gaps  to  adjacent  metal  islands. 

The  Highly  Stabilized  MOM  Point  Contact  Diode 

Our  major  efforts  in  the  stabilization  of  the  point  contact  diode  involve  control  of  the 
whisker  tip  etching  parameters,  which  in  turn  control  the  hooking  parameters  and  oxide 
layer  penetration  depth  of  the  eventual  diode.  By  careful  control  of  the  immersion  depth 
of  the  tungsten  whisker  into  the  3N  KOH  solution,  it  is  possible  to  control  the  shape  of 
the  etched  tip  as  shown  in  Fig.  7.  The  optimum  shape  of  the  tip  is  deduced  from  its  hooked 
shape  after  the  tip  has  been  mounted  and  brought  into  contact  with  the  nickel  post.  It  is 
clear  that  the  slenderness  of  the  initial  tip  controls  the  ultimate  hook  shape,  as  is  seen 
in  Fig.  8.  For  instance.  Fig.  8  a  indicates  a  blunted  and  damaged  tip  after  contact;  b 
and  c  show  acceptable  hooks,  while  d  implies  the  tip  is  overly  slender  that  leads  to  excess¬ 
ive  hooking. 


CO.,  Laser  and  Diode  with  Optimally  Hooked  Tip 

Once  an  optimum  slenderness  is  established,  the  whisker  is  mounted  and  brought  in  contact 
with  nickel  oxide  layer,  the  penetration  of  which  is  carefully  executed  with  the  differen¬ 
tial  micrometer.  Hooking  of  the  whisker  tip  results  from  such  a  contacting  process  with  an 
optimum  shape  that  bears  no  damage  to  the  tip  and  a  minimum  radius  that  places  the  tip  at 
the  closest  proximity  to  the  contact  area. 

Such  a  diode  is  then  illuminated  with  focused  chopped  or  pulsed  CO,  laser  radiation. 
Hetection  is  observed  at  various  laser  power  levels  and  chopping  speeas.  Typical  oscillo¬ 
grams  arc  shown  in  Fig.  9.  At  higher  laser  power,  the  frequency  of  the  detected  signal  foll¬ 
ows  that  of  the  chopper  with  a  certain  degree  of  distortion,  indicating  lingering  thermal 
effects.  However,  at  lower  laser  power,  the  detected  signal  is  qui’‘e  well  formed.  This 
encourages  us  to  make  further  refinement  to  the  shape  of  the  hook  with  expected  result 
shown  in  Fig.  10.  Wo  can  finally  conclude  that  we  have  arrived  at  a  simple  design  for  a 
highly  stabilized  MOM  point  contact  diode  that  can  detect  at  reasonable  laser  powers. 

Study  of  Diode  Basic  Parameters 


The  stabilized  diode  has  been  illuminated  with  S  yusec  pulsed  CO,  laser  radiation  and 
also  chopped  cw  CO,  laser  beam.  The  pulsed  laser  radiation  does  not  introduce  any  heating 
effect,  so  that  heating  of  the  diode  can  be  furnished  by  the  cw  laser.  It  is  found  that 
the  diode  sees  very  little  thermal  .assisted  tunneling  effect,  since  it  demonstrates  highly 
sensitive  detection  characteristics  to  pol  a  r  i  z.i  t  ion  or  angle  of  incidence  of  the  l.iser 
radiation  impinging  on  the  diode  junction  region.  It  is  thus  concluded  that  thermallv 
assisted  tunneling,  if  it  exists,  plays  a  minor  role  in  the  diode  performance. 

In  view  of  the  thermal  origin  of  threshold  and  memory  switching  of  the  diode,  as  anti- 
cifiated,  the  diode  experiences  little  irradic  switching  unless  laser  heating  is  excessive, 
liirther  work  is  in  progress  to  remove  tot.illv  or  utilize  this  type  of  switching  bv  design¬ 
ing  MOM  electrode  geometr)  and  barrier  thickness. 

.Since  for  fre(|uencies  ranging  from  the  mid  infrared  to  the  visible,  electron  conduction 
on  the  whisker  tip  is  nonohiiiic,  but  by  surface  plasnions  '  excited  by  the  incident  radi.it- 
lon  ,  metal  1 1  e  nu.i  t  i  on  is  dominant.  I'h  i  s  loss  can  be  circumvented  by  torcing  the  major 
portion  yf  the  energy  in  the  surface  plasmons  to  be  carried  in  the  dielectric  irouiid  the 

antenna  .  Ihe  tip  shape  factor  is  thus  an  impc'rtaiit  consideration  in  thi'  respect,  fhe 

pol  a  r  1  za  t  1  on  -  sens  1 1  1  ve  d.at.i  on  detection  is  .ilreadv  an  indication  of  the  inport.uit  roll-  of 
the  tip  sha[)e  on  pl.ismon  conduction.  WC  will  proceed  further  w  i  r  h  the  correlation  I'l  tin 

antenna  pattern  with  the  shape  of  the  etched  vvhisker  tip. 
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These  surface  plasmons  must  then  be  guided  by  the  whisker  tip  antenna  and  be  efficient¬ 
ly  coupled  to  the  modes  allowed  in  the  MOM  junction  region  in  the  form  of  a  cavity  bounded 
by  metals  at  the  two  ends  and  filled  with  the  thin  layer  of  insulating  oxide.  The  plasmon 
modes  can  no  longer  be  excluded  from  the  metals,  leading  to  a  very  high  anticipated  Junction 
attenuation.  impedance  matching  between  the  antenna  and  the  junction  cavity  is  thus  a  key 
factor  in  efficient  coupling  of  plasmon  modes  to  junction  modes.  We  have  observed  some  de¬ 
gree  of  degradation  in  diode  respons iv ity  due  to  hooking  of  the  tip  as  compared  to  tiie  ...harp 
tip  diode.  In  the  case  of  the  sharp  tip,  the  cavity  is  virtually  absent  so  that  plasmon 
modes  couple  directly  across  the  junction  gap  to  the  other  electrode,  resulting  in  very 
efficient  coupling.  On  the  other  hand,  the  rounded  knee  of  the  hooked  tip  and  the  flat 
surface  of  the  nickel  post  forms  a  well  defined  cavity,  leading  to  high  attenuation  of  the 
plasmon  modes  when  coupled  into  this  cavity  due  to  very  lossy  metallic  boundaries.  A  more 
exhasutive  analysis  and  experimental  verification  is  required  to  assess  quantitatively  the 
impact  of  hooking  in  this  respect.  Preliminary  results  have  already  indicated  that  excessive 
hooking  renders  the  diode  totally  inoperative  as  a  detector. 

The  junction  plasmon  modes  modulate  the  electric  field  on  the  insulating  barrier  of  width 
much  shorter  than  a  wavelength.  An  optical  voltage  due  to  the  surface  plasmon  can  thus  be 
defined.  This  optical  voltage  oscilates  at  the  frequency  of  the  applied  electromagnetic 
radiation  and  modulates  the  effective  voltage  across  the  barrier.  The  current  through  the 
barrier  is  hence  also  modulated,  giving  rise  to  a  nonlinear  I-V  characteristic.  The  recti¬ 
fied  component  of  this  current  is  detectable  and  is  proportional  to  the  incident  radiation 
power.  Thus,  study  of  the  coupling  between  plasmon  modes  and  tunneling  electrons  is  of 
importance . 


Concl us  ions 


It  has  been  discovered  so  far  that  simple  hooking  of  the  etched  whisker  tip  without 
blunting  has  produced  highly  stabilized  MOM  point  contact  diodes  against  mechanical,  thermal 
and  electrical  instabilities.  As  a  natural  next  step,  we  have  ventured  into  a  closer  look 
at  the  underlying  diode  operating  mechanisms.  Preliminary  indications  point  to  possible 
removal  of  thermally  assisted  tunneling  and  threshold  switching  as  pluses  and  some  degree 
of  degradation  in  detection  efficiency  due  to  poor  niasmon  mode  to  junction  cavity  mode 
coupling  as  minuses.  It  is  hoped  a  better  understanding  of  correlation  between  diode  struct¬ 
ure  and  diode  performance  may  lead  to  a  hook  that  is  not  only  mechanically  and  electrically 
optimum,  but  optically  as  well. 
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Differential  micrometer 


Fig.  1  .  Schematic  of  mounting  for  laboratory  MOM  point  contact  diode 


to  unchopped  cw  laser  (b) . 
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Figure  7a 
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Abstract 

Pol  lowing  an  overvievM  of  TEA  CU^  laser  development  a  comparison  of  sliding  spark  array, 
corona  and  semiconductor  preionisers  was  carried  out  using  a  compact,  cm  discharge 
volume,  TFA  GO^  laser,  Ihe  corona  lechnjgue  was  found  to  provide  the  best  preioniser,  with 
good  pulse  to  pulse  repeatability  (~  2"t))  over  a  wide  voltage  operating  range  from  a  simple 
and  reliable  device.  In  view  of  the  potential  longlife  and  robustness- of  all  solid  state 
drivers,  such  a  unit  was  developed  for  ttiis  laser,  Ihis  has  a  wallplug  efficiency  similar 
to  that  of  the  conventional  thyratron  and  MV  PSU  driver. 

1  n  t  r  o  d  u  c  t  i  o  n 

Ihe  r,|rst  Iransverocly  Fxciled  Atmospheric  (lEA)  pressure  CO2  laser  was  reported  by 
Beaulieu  in  1970.  Ihe  major  problem  in  obtaining  a  TEA  discharge  was  the  difficulty  in 
preventing  the  preferential  formation  of  arcs  rather  than  a  diffuse  discharge.  Beaulieu 
prevented  this  by  using  a  series  of  resistively  ballasted  pins  for  the  anode,  thus 
preventing  the  high  local  currents  associated  with  an  arc  discharge.  'n  Ihe  same  year 
Laflamme'^  proposed  an  alternative  stabilisation  technigue  using  a  low-voltage  discharge 
between  a  third  electrode  and  the  cathode  to  provide  a  uniform  electron  distribution  prior 
to  the  main  discharge^  thus  enabling  a  uniform  discharge  to  take  place.  The  following  year 
lamberton  and  Pearson  proposed  a  third  discharge  scheme  utilising  a  trigger-wire  suspended 
on  eittier  side  of  the  electrodes  mid-way  between  them;  again  to  provide  a  preliminary 
ionising  discharge.  Ihey  claimed  that  this  technigue  enabled  higher  concentrations  of  L'O^ 
to  be  used^  resulting  in  a  greater  output  power  per  unit  discharge  volume.  In  1972  Javan 
and  Levine  proposed  the  possibility  of  pho t o - i on i s i ng  the  gas  volume  prior  to  discharge 
by  either  a  two  photon  process  acting  on  the  C0„  and  molecules  or  a  one  photon  process 
acting  on  an  easily,^ionisable  additive.  Ihe  following  year  they  demonstrated  a  photo- 
initiated  discharge  utilising  Iri-n-Propylamine  (InPA)  as  the  easily  ionisable  additive. 

In  1  9  7  5  W i e  g  a  n  d  e  t  a  I  .  ^  ^  identified  the  major  ions  involved  in  the  discharge  kinetics 
and  proposed  that  a  high  negative  ion  concentration  would  lead  to  discharge  instability 
and  eventually  arcing.  They  also  identified  the  formation  of  Oxygen  as  a  result  of  CtJ2 
dissocial  i o  n ; - 

e+Cn^rfO+n 

In  1976  Shields  et  al.  showed  that  i-2%  concen t r a t  1  on  1  n  t he  lasing  gas  would 
arc  discharge  formation. 

Ihe  above  summary  outlines  some  of  the  early  experimental  and  theoretical  developments 
associated  with  TFA  CO^  lasers,  leading  to  I  tie  identification  of  the  following  problems:- 
(a)  The  need  to  tie  able  to  obtain  a  uniform  diffuse  discliarge  w  i  t  ti  high  ffl^  concentrations. 
I'll)  Ihe  need  to  suppress  formation  by  Cll^  dissocial  ion  to  enable  si'aled  off  opera!  ion 

t  o  li  e  a  c  ti  1  c  V  e  d  . 

Attempts  to  reduce  CG^  dissociation  have  included  the  ^di|l^tinn  of  FG  to  ti  1  a  s  the 
d  1  s  soc  .^a  t|  1  oi^i^  r  (|i^c  t  I  on  fegn.  '  1;}  in  the  reverse  direction  ’  ,  the  arldil  ion  of  II ^  |1^  o  ^  ^  iiUji 

up"  ’  '  ’  ’  and  the  use  of  catalysis  to  recomhine  the  dissocial  ion  [irodocts^  '  ’ 

A  summary  of  notalile  s  e  a  1  e  d  /  s  I'ni  1  -  se  a  I  eil  II  A  fO^  lasers  is  given  in  lable  1. 

P  1  e  1  0  n  1  sa  t  1  o  n  is  a  key  fai-tor  in  de  t  e  rm  i  11  1  iii)  I  tie  extent  of  the  iiroblems  outlined  above 
and  our  report  details  work  carried  out  nn  the  direct  comparison  of  various  preionisers 
suitable  I  ri  r  a  compact  sealed  II  A  laser. 

9 

For  h  i  cjh  pulse  rates  [  >  -  I  k  tl  /  i  the  lifetime  of  t  tie  t  ti  y  r  a  t  r  o  n  '  —  1(1  |i  11  I  s  ('  s  ,  can  li  e  c  ome 

a  limiting  fartor  and  in  view  of  I  tie  potential  cheapness  ol  all  solid  stale  ilriveis  over 
the  conventional  thyratron  and  IIV  l"jll  driver  it  was  ilecided  to  investigate  I  li  1  s  terbni(|ue. 


1  1  ) 

lend  to 
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1 

1  f  ( 

■  (pulses,' 

Addi 

;  t  i  V  f'  r>  / 

Group 

V  e  a  r 

Max.  PRf 

Preionisat ion 

Bleed  Rate 

Ca_L 

.'J  1  >  t  r> 

Stark  et  al 

9 

1979 

2  Hz 

Trigger- wire 

2 

It/' 

C  0  . 

"2 

Stark  et  al 

T  0 

1978 

1  H^ 

SI  iding-spark 

3 

X 

U)’’ 

luj  t 

pt 

Pare  e  t  a  1  . 

1  1 

19  78 

1UG  11.1 

3rd  f  1  e  c  t  r  0  d  e 

2 

X 

1  r/' 

H^, 

CO 

M  e  n  y  u  k  e  t  a 

1.'2 

1980 

900  tU 

Spark 

2 

t  / 

M  1  n 

[  nP 

A .  Il^ 

R  i  c  k  w  0  0  d  e  t 

at.l' 

1982 

9  kHz 

Semiconductor 

10 

1, 

/  M  1  n 

Pace  e  t  a  1  . 

1  4 

1  982 

2  Hz 

Sil icon  Carbide 

~ 

1  0 

6 

SnO 

+  Pt 

Stark  e  t  a  1 

1  9 

1  98  3 

,5  0  Hz 

Semiconductor 

2 

X 

to' 

SnO 

+  me  t  1 

Marchetti  et  al.^^ 

1989 

1  kHz 

Corona 

2 

X 

it/ 

"2 

Table  1  .  Important 

Compact 

Sealed /Semi-Sealed  CO^  TEA  Lasers. 

The  second  part 

of  the  report  outlines 

work  conducted  on  the 

development 

of  an 

all  solid 

state  laser 

driver 

circuit. 

this  utilises 

a  semiconductor  device 

t  0 

switch 

a  1  0  n  g 

1  0  w 

voltage  pulse  onto  a  high  voltage  transformer.  The  high  voltage  pulse  generated  is  ttten 
subsequently  compressed  in  time  by  successive  magnetic  compression  stages  to  provide  a 
pulse  of  sufficiently  short  duration  to  drive  the  laser.  The  technigiie  of  using  ^.^series 
of  saturable  inductors  to  obtain  pulse  compression  was  first  proposed  by  Melville^g  in 
and  the  first  all  solid  state  CC^  tfA  laser  driver  wa^^reported  by  Stiimada  et  al.  in  1989. 
This  was  used  at  a  PRf  of  1  Tl^.  In  19T!6  Baker  et  al.  reported  an  all  solid  state  driver 
with  a  PRf  of  =  <  liO  H/. 


Preionisat  ion 


Experimental  Details 


There  have  been  many  preionisation  tcchnigues  applied  to  TEA  C0»  losers;  these  have 
included  various  spark  systems,  corona,  semiconductor,  e-beam,  alpha-particle  and  x-ray 
systems.  Mos ^ ^ t he se  a r ^ ^unsu i t ab I e  for  com^l^ot  lasers  and  we  have  concentrated  on 
sliding  spark  ’  .  corona  and  semiconductor  systems. 

The  preionisers  were  tested  i  ii  an  axial  flow  TfA  laser,  consisting  of  two  stainless  steel 
electrodes  utilising  a  simple  radius  of  curvature  approximation  to  ^  Chong  profile.  these 
defined  a  discharge  volume  9.b  x  0.6  x  0.8  cm  (I  x  d  x  w)  r  4.6  cm  .  A  standard  12:14:74 
CO 2:^2: He  gas  mix  flowing  at  10  L/Min  was  used.  the  resonator  wasformed  by  a  gold  plated 
mirror  (R  r  10  m,  reflectivity  99 "0)  and  a  flat  ZnSe  output  coupler  (reflectivity  8  9'f  at 
10.6  pm,'  to  provide  a  1  t>  cm  cavity. 

[tie  sliding  spark  p r e i on  i  s a t  i  on  consisted  of  2  longitudinal  spark  arrays,  each  of  fnur 
2  mm  tungsten  spark  gaps  mounted  29  nim  from  the  laser  axis.  The  p re  i  on  .  sa t  i on  and  main 
disctiarge  circuits  fig.  1  '' a  '  )  were  independent,  to  enable  the  delay  between  the  preionising 
and  main  diseliarges  tn  be  varied. 

The  eornna  p r e i o n 1 s a t i on  consisted  of  two  etched  double  sided  peb's  each  running  the 
length  of  the  discharge  in  ^^rect  contact  with  the  electrodes.  Itieir  desiijn  was  similar 
to  that  of  Hasson  and  Brink  .  the  back  surface  of  t  lie  preionisers  was  ennneeted  tn  t  tie 
laser  anode  using  brass  stum  sheet  to  provide  tow  induetanee.  Itie  tlisrharcje  rireuil  used 
is  s h o w n  1  n  f  i  (j .  I  '  li  :  . 

the  sem  1  e  ondur  t  o  r  p  r  e  1  nn  i  s  a  t  1  on  was  provided  hy  two  1.9  x  (J .  2  \  10  cm  ^  piece;;  of  SO  f2-rm 

germanium  placed  direct  ly  in  contact  with  both  electrodes  on  either  sitle  of  the  disctiarge. 

Results 


the  optimum  delay  between  the  preinniiiing  and  main  disehartje;;  for  t  tie  .slidini]  spark 
preionisers  wasfnnnd  to  be  ~  900  ns.  F  ig;;.  2  and  5  show  the  enei  i.jv  nut  pul  and  relal  lie 
pffieieneies  for  flic  various  p  re  ionisers.  I  I  was  found  that  the  m.iximum  PHI  for  the  ;;  I  lOing 
spark  array  was  18  H/,  compared  tn  29  0/  'power  supply  limited,'  fur  the  nihei  svstems.  A 
tjark  deposit  tormed  nn  t  tie  eleelrnde;;  wtiilsl  t  lie  sliding  spark  was  in  use  and  this  led  In  a 
re  due  t  ion  in  t  hi'  o  u  I  (i  u  t  energy  I  1  g  .  4  ,  result  1  iit|  in  the  need  In  clean  t  tie  e  I  e  r  I  r  ode  s  at 
reipilar  intervals.  Ibis  depo'iil  did  not  nreiir  w  1  t  ti  I  tie  ottier  I  wn  [ireinniser  si'items. 
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Discussion 


In  directly  comparing  the  output  energy  results  for  the  thri'i'  :;yst(’fiis  ('are  must  he  taken 
because  of  the  change  in  electrical  circuit  between  the  slidinij  spark  (system  and  the  oilier 
preionisers.  the  lower  maximum  PRl  and  the  deposit  formed  on  the  electrodes,  however,  lead 
us  to  believe  that  this  p r e i on i sa t i on  system  dissociates  the  CU^  more  than  t  tie  other 
systems,  with  the  Oxygen  formed  react  ing  with  the  tungsten  pins  to  form  tungsten  oxide,, 
which  is  the  deposit  on  the  electrodes.  this  depositions  has  been  observed  previously"  . 

It  was  found  that  the  tiighest  efficiency  was  obtained  w  1 1  ti  the  s  1  i  d  i  nij  spark  technigiie, 
whilst  the  semiconductor  technique  provided  Itie  lowest  efficiency.  Ihe  reliability  of  I  tic 
spark  system  was  not  very  good,  due  to  the  need  to  regularly  clean  the  electrodes.  I  he 

corona  technique  ^as  found  to  be  very  reliable,  with  the  current  p re i on  i  sc rs  having 
operated  for  >  10  shots  with  no  evidence  of  any  deterioration.  Based  on  other  (leoiilcs 
results,  it  has  been  assumed  that  the  semiconductor  is  as  reliable.  A  comparison  of 
simplicity  of  use  and  relative  costs  was  made  and  a  summary  of  the  conclusions  to  this 
comparison  is  given  in  1  a ti  1  e  2  . 


Property 

5  1  1  d  i  ru|  Spark 

C o  ran ('j 

Ce  rman  i  uni 

Simplicity 

1  X  t  r  a  c  i  r  c  u  i  t  r  y 

S  1  m  [)  1  p 

Simple 

CO^  dissociation 

High' 

L  ow 

t  QVl 

t  f  f  1  c  i  e  n  c  y 

Best 

M  0  d  e  r  a  t  e 

Low 

Voltage  range 

L  i  m  1  t  e  d 

Wide 

Wide 

Pulse  reproducibility 

SCv 

2"o 

2”n 

2 

Maximum  PRF 

18  Hz 

29  Hz^ 

2  ',1  Hz' 

Relative  cost  s 

High 

Low 

M  0  derate 

Reliability 

Poor 

Very  g  o  o  d 

Very  good 

1)  Provides  oxide  contamination 
2!  For  10  L/Min  gas  flow 

3)  Limited  by  HV  power  supply 

lable  2.  Summary  of  Preionisati 

on  Techniques 

As  a  result  of  ttiese  investigations,  the  corona  p  re  ioniser  was  chosen  the  most 
suitable  for  our  purposes.  It  should  be  noted  however  ttiat  other  authors  have  shown 
that  higher  resistivity  semiconductors  produce  better  p re i on i sa t  i  o n  than  ttie  low  resistivity 
type  used  by  us. 


following  on  from  this  work,  investigations  were  carried  out  into  uptirnis 
discharge  circuit  and  the  final  circuit  is  shown  in  Fig.  ,  where  L'store  and 
values  20  n  F  and  1.2  n  t  respectively.  Ihe  I  a  s  (>  r  was  also  grating  tuned,  to 

output  could  be  obtained.  A  typical  pulse  is  shown  in  Fig.  6  and  the  tuning 

laser  in  f  iq.  7.  \o  9  pm  lines  were  obtained  bei'ause  the  output  coupler  was 

1(1  pm  only.  A  summary  of  the  laser  cha  rac  t  e  r  i  r,  t  i  cs  is  given  in  lablc  5.  It 

that  these  figures  are  for  the  12:14:74  rn,:\,:lle  mix  and  for  an  unnptimised 
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In  this  form  the  laser  wa-,  used  to  invest  iqate  two  photon  absorpt  ion  in  Iribh  and  a  re(Hirt 
of  this  work  will  appear  elsewhere. 

All  Solid  State  Driver  Techniques 

Experimental  Details 

As  mentioned  above  it  was  decided  to  investigate  all  solid  state  drivers  because  of 
their  potential  longlife  and  cheapness  compared  t ocon ven t  i  ona  1  Itiyratron  and  HV  PSU 
drivers.  They  are  also  more  resistant  to  large  reverse  currents  ttian  the  conventional 
circuit.  Ferrite  cores  were  chosen  for  the  saturating  inductors  because  tfipy  are  readily 
available  and  have  lower  losses  than  the  alternative  ;iinoi|'^hous  metal  eores.  llie  design  of 
the  cores  was  based  on  ttie  t-core  design  of  Baker  et  al.  . 

A  simplified  circuit  is  shown  in  fig.  8 ,  w  ti  e  r  e  51  ,  52  ,  5  5  a  r  e  t  h  e  s  a  t  u  r  a  t  i  n  g  inductors, 

the  circuit  uses  demand  charging  to  resonantly  charge  Cstore  which  is  1  fieri  disctiarged 
through  the  high  voltage  transformer  into  Cl.  51  is  designed  to  saturate  wheg  Cl  is  fully 
charged,  enabling  Cf  fo  charge  C2  throiigfi  5)  in  a  time  II  =  nlSMsat;  \  C2  2;‘.  When  fully 
charged,  52  then  switches  enabling  C5  to  charge  up.  When  C5  is  fully  charged,  55  saturates 
enabling  ['3  to  discharge  into  the  load.  for  pulse  compression  to  nrciir  at  each  of  the 
stages  Sl(sat)  >  52 (sat)  >  5 5 (sat). 

Results 


Figs.  9-12  show  the  change  in  the  voltage  pulse  as  it  progressively  (lasses  down  tfie 
high  voltage  circuit  at  C1-C5  and  the  laser  head  respectively.  A  sunimary  of  the  effect  of 


the  various  stages  is 

given  in 

fable  4. 

Stage 

Pulse  rWtIM 

Rat  10 

f  f  f  1  c  1  eiiry 

1  ransformer 

6  u5 

- 

7  0"o 

51 

2.5  u5 

2 . 6 

96“.. 

52 

n.B 

2.9 

7  v,",. 

S  5 

(a )  includes  e I  t  ec  t  o 

1  a  ti  1  e  A  .  Compression 

f  peaking 

5  t  a  (j  e  !’  e  r 

0.2  pS 

c  a  (1  a  c  i  t  o  r  . 

f  0  r  m  a  ri  c  e  . 

A  (  a  ) 

A  comparison  with  the  conventional  tIV  l’5U  and  thy  rat  run  technique  as  a  funct  ion  of 
stored  energy  is  shown  in  fig.  15.  Using  the  solid  state  driver  t tie  laser  has  been 
successfully  run  at  a  PRF  of  70  tl?,  limited  by  the  gas  flow,  and  the  pulser  has  been 
tested  into  a  resistive  load  at  PRt's  up  to  bOO  11/  with  no  obvious  problems. 

Discuss  ion 


From  r  ig.  15  we  see  ttiat  the  output  from  the  magnetic  system  is  more  dependent  on  the 
stored  energy  than  the  conventional  discharge  teehni(|ue.  Ihis  is  because  the  erficiency 
of  the  comp r e s SCI  r  stages  falls  away  quite  rapidly  when  they  are  operated  away  from  their 
design  s  p  e  c  i  F  i  e  a  t  i  o  n  .  ftie  magnetic  pulse  compressnrs  were  Found  t  u  he  helween  75", i  and  96'n 
efficient,  depending  on  the  stage,  whilst  the  fiiijti  voltage  transformer  was  only  7(1”,, 
efficient.  These  values  are  nut  ttie  optimum,  particularly  tor  the  t  r  a  ns  to  r  r  stage,  which 
IS  current  ly  beinc)  r^i^esigned  and  an  efFieieney  of  ~  96',,  should  be  feasihh'  ’  For  this 
sta(|e.  Baker  et  al.  Found  that  the  slow  risinij  edge  oF  the  voltage  pulse  created 
problems  w  i  t  ti  f.heir  spark  p  r  e  i  on  i  sa  t  i  on  system  leading  to  disrfi.'irge  iinifiirmity  profilems. 
However,  we  have  found  thal  using  ttie  corona  tectinique  out  lined  above,  no  problems  have  so 
far  arisen.  It  is  noticeable  that  the  all  solid  state  driver  has  the  same  efficicncv  as 
the  conventional  tIV  P5U  and  thyratron  circuit  for  an  input  energy  of  l.A  ,1,  derpile  the 
losses  in  the  rircuil  elements.  This  suggests  (tint  eittiei  the  lunger  [lu  I  sc  (rum  the  all 
solid  state  driver  is  coupled  into  the  laser  head  more  efficiently  than  t hi’  thyratron 
derived  pulse  or  that  for  the  small  laser  disetiarge  volume  used,  the  large  thyratron 
discharge  volume  represents  a  significant  energy  loss.  tills  is  riirri'otlv  heirig 
1 n  v  e  s  f 1 ga  ted. 


I'niic  I  us  1  on 

For  the  laser  head  under  rorisideral  ion,  ttie  eorona  (ireionisat  inn  lerhnii|ui'  was  cho'ieii 
over  ttie  sliding  spark  and  s  cm  i  c  on  due  t  o  r  lerliriigues  liecaiise  ot  its  ahililv  In  ;,invidi' 
reliable  p  re  i  on  i  sa  t  i  on  simply.  An  all  solid  state  driver  circiiil  war,  d  e  iim  i  c,  t  i  a  I  c  1 1  In 
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70  Hz  on  the  laser  head  with  an  efTieieiiey  equ  i  v  a  1  eii  I  t  a  that  of  the  conventional  lit  I’SU 
and  I h y  r  a  L  r o n  pu 1 s  e  r  s  y  s  t  e n . 


Future  developments  will  ineorfiorate  t  liese  devices  in  a  sealed  hitjh  re|)('ti(ion  rail 
laser. 
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Abstract 


This  paper  presents  a  summary  of  results  achiever)  in  the  development  of  TE  CO^  Lasers 
sources.  Sealinq  techniques  (catalysts),  frequency  anility,  nrailef)  reflectivity  optics, 
miniaturization,  and  mode  selection  will  be  discussed.  An  indication  o*'  future  research 
areas  will  also  be  discussed. 

Introduction 

This  overview  summarizes  the  work  carried  out  at  the  Defence  Research  Establishment 
Valcartier  during  the  past  several  years  concerning  the  development  and  study  of  CO2 
lasers.  These  lasers  have  been  developed  for  transmitters  in  coherent  detection  radar 
systems  as  well  as  miniature  rangefinder  systems  and  various  other  applications  involving 
pulsed  and  CW  CO2  lasers.  The  studies  have  included  the  investigation  of  lifetime  charac¬ 
teristics,  frequency  stabilization,  sealing  techniques,  beam  quality,  pulse  characterist ics 
and  waveguide  laser  development. 

Unstable  Resonators  with  Graded  Reflectivity  Mirrors 


To  improve  the  near-field  beam  quality  and  other  drawbacks  to  standard  unstable 
resonator  CO^  lasers,  DREV  has  investigated  the  use  of  gra<led  reflectivity  mirrors  in  a 
Cassegrain  resonator.  ^  This  allows  the  production  of  a  fundamental  transverse  mode  of 
large  cross-sectional  area.  For  the  preliminary  investigations,  the  test  laser  had  a  50-cm 
long  optical  cavity  and  a  2  x  2  x  30  cm^  TE-CO^  nain  section.  Tne  unstable  resonator 
configuration  used  mirrors  with  a  Gaussian  reflectivity  profile  and  a  magnification  of  1.2. 
It  was  found  that  in  a  full-angle  beam  divergence  of  1.3  mrad,  the  gaussian  mirror  system 
contained  70?  of  the  total  laser  output  while  only  30?  was  obtained  for  a  conventional 
unstable  resonator  and  only  3%  for  a  stable  resonator  was  measured.  By  usina  injection- 
locking  techniques  or  hy  using  a  short-laser  cavity,  single-mode  operation  has  been 
achieved.  Using  heterodyne  detection,  "chirp"  rates  as  low  as  60  kHz/ys^  have  been 
measure’.  These  low  "chirp"  rates  are  a  result  of  having  a  large  laser  mode.  ^  Also,  it 
is  expected  that  a  pulse-to-pulse  frequency  instability  of  500  kHz  can  be  obtained.  There¬ 
fore,  this  laser  source  can  produce  an  output  with  almost  all  the  desired  characteristics 
for  a  laser  ra<lar  transmitter  and  it  may  also  he  useful  in  applications  involvinq  velocity 
measurements . 

Catalyst  in  CO,  Lasers 

About  10  years  ago,  DREV  supported  the  industrial  development  of  a  TEA-CO^  laser  using  a 
hot-platinum  catalyst  to  minimize  gas  consumption.  Although  being  very  effective,  large 
amounts  of  power  were  required  to  beat  the  catalyst  and  then  cool  the  qas  after  it  had  been 
in  contact  with  the  hot  platinum.  More  recently,  we  have  developed  a  catalyst  consistinq 
of  stannic  oxide  and  noble  metals.  ^  The  use  of  catalysts  based  on  Sn02  was  first  reported 
in  the  United  Kingdom  in  1983.  Tests  have  also  been  carried  out  by  GEC  Avionics  where  an 
Sn02  catalyst  on  a  monolith  gave  more  than  5  x  10^  pulsed  at  a  30-Hz  pulse  repetition  rate 
in  a  TEA-CO2  laser.  NASA  Langley  Research  Center  has  also  tested  a  Pt-Sn02  catalyst  in  a 
commercial  TEA-CO^  laser  with  excellent  results. 

We  have  also  developed  and  evaluated  SnO^  catalysts  as  well  as  bimetal  and  trimetal 
materials.  Efficiencies  2-3  times  greater  were  found  for  the  bimetal  and  trinetal  product 
over  the  monometal  catalyst.  Several  experiments  have  been  carried  out  in  which  the 
catalyst  powder  was  contained  in  the  hollow  centres  of  sintered  stainless-steel  filter 
elements  and  placed  in  miniature  TEA-CO2  lasers.  With  no  forced  gas  circulation,  it  was 
found  that  5  a  of  catalyst  were  required  to  maintain  the  lasers  output  at  BO?  of  its 
original  value  at  a  pulse  repetition  rate  of  1  Hz  over  10^  pulses.  More  recently,  we  have 
carried  out  the  experiments  in  a  modified  Lumonics  820  TEA-CO2  laser.  The  laser  was 
capable  of  ooerating  at  an  output  level  of  >  1  J/pulse  and  at  a  nulse  repetition  rate  of 
50  Hz.  For  the  initial  exneriments,  15  g  of  catalyst  were  placed  in  the  stainless-steel 
elements  and  then  mounted  in  the  laser  enclosure  in  direct  contact  with  the  hinh-speed 
transverse  aas  flow.  No  additional  heatino  or  gas  circulation  was  provided.  The  results 
of  a  typical  experiment  are  shown  in  Figure  1.  Tests  have  also  been  carried  out  to  more 
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than  2  x  lO^  pulses  over  a  period  of  three  days.  It  was  noticed  that  there  was  almost  a 
complete  recombination  of  the  dissociation  products  durinq  the  16  hours  that  the  laser  was 
off  overnight.  It  is  therefore  feasible  to  considerably  ’-?duce  the  gas  consumption  o^  a 
com.mercial  laser  using  moderate  amounts  of  catalyst.  This  would  obviously  have  an  impact 
in  the  operating  and  maintenance  cost  of  these  lasers. 


Figure  1.  Relative  Laser  Output  VS  Number  of  Pulses  "With  Flow"  indicated  a  'mahe-up'  flow 
of  14  Jl/min.  The  laser  was  completely  sealed  for  test  with  the  catalyst 

Injection  Locking  and  Mode  Selection  in  TEA-CO,  Lasers 

In  the  past,  DREV  has  devoted  a  considerable  effort  to  the  development  of  frequency 
stabilized  sources  for  applications  involving  heterodyne  detection  methods.  Theoretical  as 
well  as  experimental  studies  have  been  performed  in  the  areas  of  injection  and  mode 
selection  in  TKA-CO2  lasers  for  stable,  unstable  and  varial  le  reflectivity  unstable 
resonators.  Models  based  on  the  competition  between  the  injected  signal  and  spo.ntaneous 
emission  have  been  developed  to  describe  the  transient  evolution  of  the  different  field 
amplitudes  and  phases  together  with  their  effect  on  the  inversion.  ^ 

Results  have  been  obtained  over  a  wide  range  of  injection  levels,  detuning  frequencies 
and  resonator  types. 

The  results  indicate  three  zones  of  operation:  a  frequency-locking  zone,  a 
mode-selection  zone  and  a  region  were  the  injected  signal  has  no  effect.  It  has  been  found 
that,  because  of  the  transient  nature  of  the  TEA  laser,  a  competition  between  the  noise  and 
the  injected  signal  takes  place  and  a  nulling  of  the  injected  signal  carrier  frequency 
toward  the  resonator  mode  frequency  occurs.  The  competition  between  the  noise  and  the 
injected  signal  will  determine  which  one  will  grow  more  rapidly  and  depopulate  the  active 
medium.  The  noise  amplitude  is  generally  much  weaker  than  the  injection  level  although  its 
effective  gain  is  higher.  The  injection  field  is  stronger,  but  its  net  gain  is  smaller 
because  it  suffers  a  .chase  change  through  each  cavity  transit  and  therefore  it  is  no  longer 
in  phase  with  the  original  injection  frequency.  Depending  upon  the  injection  level  and 
cavity  detuning,  either  the  noise  or  the  injection  signal  will  reach  saturation  first. 
Thus  we  must  have  high  injection  levels  and  small  cavity  detuning  to  obtain  the  desired 
result.  Also,  the  time-varying  phase  experienced  by  the  injection  signal  becomes  a 
frequency  modulation  that  pulls  the  frequency  of  the  field  toward  that  of  the  nearest 
resonator  mode. 

Experiments  have  been  performed  with  several  different  TFA-CO2  lasers.  The  latest 
version  was  based  on  a  modified  Lumonics  P20  laser  that  produced  an  output  of  1  J/pulse  at 
a  50  Hz  repetition  rate.  An  optimized,  variable-reflectivity  unstable  resonator  was  used 
in  these  experiments.  A  typical  result  for  this  as  well  as  other  systems  is  shown  in 
Figure  2.  The  ordinate  represents  the  difference  between  the  TEA- laser-pu 1 se  frequency  and 
the  loca 1 -osci 1 1 ator  frequency  and  the  abscissa  shows  the  resonator-mode  frequency.  Zones 
of  single-mode  operation  are  shown  for  two  different  injection  levels. 
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As  can  be  seen  from  Figure  2,  the  cavity  frequency  am'’  the  heterodyne  frequency  are 
linearly  related  with  unity  slope.  Therefore,  the  frequency  of  the  TFA  pulse  follows  that 
of  the  TEA  resonator  inside  as  well  as  outside  the  sinnle-node  zone.  ’’’or  all  iniertion 

levels  investigated,  the  TEA  pulse  is  influenced  by  the  injection  signal,  but  its  frequency 

is  that  of  the  cavity  mode  and  not  that  of  the  injection  signal.  The  frequency  IncV.  inn 
range  could  not  be  studied  experimentally  because  of  the  resolution  of  the  equipment. 

Another  observation  is  the  assymetry  of  the  mode  selection  range  about  the  zero-beat 
frequency.  We  believe  that  this  can  be  explained  from  a  chirp  cause  by  the  decreasing 

electrons  density  during  the  tail  of  the  excitation  pulse.  This  effect  has  been  explained 

by  Millets  and  Harris.  ^  This  chirp  occurs  during  the  time  when  there  is  a  competition 
between  the  noise  and  the  injected  signal  and  results  in  the  TEA  laser  frequency  neinq 
lower  than  that  of  the  injection  signal. 


BEAT  FREOUENCr 
(MHi) 


Figure  2.  Experimental  plot  between  the  TEA  laser  pulse  and  a  local  oscillator  as  a 
function  of  the  relative  cavity  detun’ng  frequency 

Miniature  Sealed  CO,  Lasers 

Several  applications  have  been  envisaged  for  small,  sealed  and  portable  CO2  lasers.  The 
most  prevalent  at  the  present  time  are  target  designation  and  range  t  inc.!  ing.  These 
applications  pose  some  unique  and  challenging  requirements  on  the  laser  design.  These 
volume  efficient  lasers  must  maximize  optical  peak  power  while  at  the  same  time  optimizing 
the  pulse  shapes  to  conform  with  the  optical  detection  system  in  use.  Typically,  optical 
pulse  widths  are  in  the  range  from  35-70  ns  with  rise  times  less  than  25  ns.  The  exact 
shape  of  the  pulse  is  also  important.  Pulses  with  a  minimum  tail  duration  are  required  if 
we  wish  to  reduce  the  short  range  backscatter.  The  laser  must  also  operate  in  sealed-off 
conditions  for  several  million  pulses. 

In  the  design  of  a  laser  that  will  he  used  in  a  transportable  apparatus,  several  factors 
have  to  be  addressed.  A  significant  effort  was  placed  on  the  development  of  a  modular 
system,  economic  construction,  rugged  and  reliable  nerformance,  a  wide  temperature  range  of 
operation  and  resistance  to  harsh  environmental  conditions.  The  laser  discharge  was  based 
on  the  standard  technique  or  capacitive  corona  nreionization.  We  used  nickel  electrodes 
defining  a  discharge  volume  of  about  0.6  x  0.6  »  13  cm^  .  The  electrodes  were  profiled  to 
give  a  uniform  discharge.  The  laser  resonator  was  formed  using  a  total  reflector  and  a 
partially  transmitting  output  coupler  separated  by  about  20  cm.  The  total  reflector  is  a 
qold-on-copper  design  with  a  radius  of  curvature  of  10  m.  The  output  coupler  was  flat 
germanium  window  with  a  reflectivity  of  about  70f .  The  entire  electrode  structure  and 
preionization  were  mounted  inside  a  stainless-steel  box  of  dimensions  5  x  4  x  20  cn^  .  A 
catalyst  was  also  Included  to  promote  long  operational  lifetimes.  The  sta in less-stee 1  box 
v/as  designed  in  two  sections.  It  was  laser  welded  after  the  electrodes  and  catalyst  were 
inserted.  The  high  voltage  electrical  feed  through  was  also  welded  to  the  laser  enclosure. 
Finally,  the  laser  mirror  and  output  coupler  were  hard  sealed  to  the  enclosure  using  a 
low-temperature  soldering  technique. 
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To  simplify  construction  and  reduce  the  overall  complexity  of  the  laser  we  have  used  a 
pressure-relay  initiated  discharne  system.  The  PFM  consist  of  an  enerqy  storage  capacitor 
(>  2  nF )  and  the  relay.  The  capacitor  is  charged  to  voltages  of  about  20  kV  by  a  switching 
supply  operating  in  the  demand  recharge  mode. 

The  laser  produced  output  powers  of  about  100  mJ  when  operated  at  atmospheric  pressure 
with  a  mixture  He :  N2  :C02  =50 :  1 0 ;  40 .  ft  low  concentration  of  the  ^2  was  used  to  reduce  the 
duration  of  the  pulse  tail.  Beam  divergence  was  measured  to  be  about  5  mrad  and  the  Fiv'HM 

of  the  initial  output  spike  was  37  ns.  Operation  to  over  a  million  pulses  has  been 

obtained  and  shelf  life  of  six  months  has  been  demonstrated.  The  tests  on  storage 

lifetimes  is  continuing. 

Supra-fttmospheric  CO,-TE  Lasers  and  Frequency  Conversion  by 
Stimulated  Raman  Scattering  and  Four-Waves  Mixing 

Frequency  agile  laser  sources  are  needed  for  remote  detection  of  atmospheric  pollutants 
and  gases, for  laser  photochemistry,  for  isotope  separation  and  for  military  applications. 
In  most  of  these  applications,  narrow -bandwidth  high-energy  output  at  the  resonance 

vibrational  frequency  of  selected  molecules  are  needed.  The  spectral  region  of  interest  is 
roughly  the  2  to  10  pm  band.  Since  the  different  molecular  lasers  {CO2 ,  CO,  HF,  DF)  cover 
only  a  relatively  small  portion  of  this  band,  methods  have  to  be  devleoped  to  increase  the 
spectral  coverage.  Nonlinear-optical  methods  (harmonic  generation,  parametric  mixino, 
stimulated  Raman  scattering)  can  be  used  hut  much  work  is  still  needed  in  order  to  fulfill 
the  requirements. 

Because  of  its  high  efficiency  and  relatively  broad  gain-bandwidth,  the  CO2  laser  is  one 
of  the  best  pump  source  for  frequency  conversion.  On  the  one  hand,  high  conversion 
efficiency  (>  30%)  have  been  achieved  by  stimulated  rotational  Raman  scattering  in  H2  and 

D2  by  using  multiple  pass  cells.  ^  Output  in  the  13  to  18  and  11  to  14  pm  band  was  thus 

achieved.  On  the  other  hand,  resonant  and  near  resonant  pumping  by  a  CO2  laser  of  molecu¬ 

lar  gases  like  NHj  ,  CF^  ,  CHjF,  OCS,  C2D2  and  their  different  isotopic  species  has  led  to  a 
large  number  of  discrete  laser  lines  in  the  10  to  20  pm  band.  ^  Particularly  interesting 
are  the  recently  observed  effects  in  MHj  and  CHjF  in  which  four-wave  mixing  was  demon¬ 
strated.  In  these  experiments  the  absorption  of  one  pump  photon  nearly  resonant  with  an  P 
branch  ab.sorption  line  led  to  the  simultaneous  emission  of  two  rotationnal  transition 

photon  in  the  far  infrared  (FIR)  and  a  P  branch  photon  in  the  mid  infrared  (MIR). 
Since  at  the  end  of  this  process  the  molecule  is  in  the  same  energy  level  as  at  the 

beginning,  no  saturation  or  depletion  of  the  molecular  levels  is  observed.  This  may  lead 
to  very  high-efficiency  conversion  of  the  pump  photons  at  hinh  power  levels. 

If  any  of  the  frequency  conversion  technique,  and  particularly  the  last  one,  can  provide 
an  efficiency  of  50%  or  more,  then  it  could  probably  be  a  basis  for  a  "beam-cleanup" 

system.  In  such  a  system,  a  poor-quality  beam,  but  high-power  pump  pulse  is  frequency 
converted  to  a  high-spatial-quality  output  beam.  Raman  "beam-cleanup"  systems  have  been 
shown  usefull  for  improving  the  output  of  excimer  laser  systems.  They  could  also  be 

usefull  for  improving  the  beam  quality  of  large  aperture  high  energy  CO2 -TEft  lasers. 

Theoretical  as  well  as  experimental  studies  are  needed  to  investigate  the  possibility  of 
using  the  f our-wave-mi x ing  technique  for  beam  "clean-up"  systems  in  the  infrared. 

If  any  of  the  frequency  conversion  techniques  we  have  discussed,  the  tunabilitv  of  the 
pump  source  is  of  prime  importance.  For  this  reason  the  sunra-atmospher ic  pressure,  CO2 -TE 
laser  has  proved  to  be  the  most  versatile  nump  source.  Work  at  DREV  on  this  type  of 

source  goes  back  to  the  mid  1970's.  More  recently  we  have  built  a  supra-atmosnher  ic 

pressure  CO^  TE  laser  of  a  modern  design  which  produces  up  to  1.2  J  pulses  in  50  nsec  from 
a  1  X  1  X  35  cm^  ,  12  atmosphere  gain  section.  This  laser  is  now  being  fitted  with  a  6X 

telescopic  resonator  and  a  100  mm  wide  grating  to  produce  narrow-band  (.03  cm“M  =  400  mJ 
pulses  tunable  over  about  60  cm”^  in  the  9.2  to  10.8  ym  band.  It  will  be  used  to  investi¬ 
gate  the  possibility  of  efficient  frequency  conversion  and  "beam-cleanup"  by  nearly 
resonant  four-waves  mixing  in  molecular  gases. 

Discussion 

During  the  past  several  year,  DREV  has  placed  a  considerable  effort  on  the  development 
of  CO2  laser  technology.  Developments  such  as  the  TEft  laser,  miniature  laser  technol ogy , 
graded  reflectivity  mirrors,  frequency  control  techniques,  sealina  and  catalyst  technology 
as  well  as  a  general  understanding  of  CO2  laser  physics  has  been  the  result  of  the  pro¬ 
gramme.  At  the  present  time,  CO,  laser  technology  is  reaching  a  mature  stapc  ef  gr'”cl- 

opment.  fts  a  result  we  are  now  oturting  to  place  out  itiLo  other  wavebands  of 

interest.  Nevertheless,  work  is  continuing  in  the  development  of  hinh-power  and  hioh  nulso 
repetition-rate  wavenuide  CO2  lasers.  Pulse  rates  approaching  30  kHz  are  oossible  with 
average  output  energies  approachinn  1  kW. 
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It  is  hoped  that  this  innovative  technology  will  help  to  provide  solutions  to  many 
scientific,  industrial  and  military  needs. 

Acknowledgements 

The  authors  would  like  to  thank  Dr.  Jacques  Beaulieu  for  his  valuable  contributions  and 
mnay  helpful  discussions. 


References 


1.  P.  Lavigne,  A.  Parent,  D.  Pascale  and  N.  McCarthy,  "A  Compact  Vlide-Aperture  Single- 
Mode  TE-CO2  Laser  with  a  Low  Chirp  Rate",  IEEE  J.Q.E.,  QE-22,  pp.  2200-2203,  fl986) 

2.  D.V.  Willets  and  M.R.  Harris,  "Scaling  Lows  for  the  Intrapulse  Frequency  Stability 

of  an  Injection  Mode  Selected  TEA-CO^  Laser",  IEEE  J.Q.E.,  QE-19,  pp.  810-814,  (1983) 

3.  P.  Mathieu,  "Method  for  Producing  a  Catalyst  for  Oxidizing  Carbon  Monoxide",  U.S. 

Patent,  4,490,482,  (1984) 


4.  D.S.  Stark,  A.  Crocker  and  G.J.  Skward,  "A  Sealed  100-Hz  CO2  TEA  Laser  Using  High 
COy  Concentrations  and  Ambient-Temperature  Catalysts",  J.  Phys .  E.  Sci.  Instrum.,  Vol .  16, 

(1983) 


5.  J.-L.  Lachambre,  P.  Lavigne,  G.  Otis  and  M.  Noel,  "Injection  Locking  and  Mode  Selec¬ 
tion  in  TEA-CO2  Laser  Oscllators",  DREV  Report  4061/76,  (1976),  UNCLASSIFIED 

6.  H.  Tashiro,  K.  Midorikawa,  T.  Higashii,  K.  Toyoda  and  S.  Namba,  "High  Power  Emission 

in  the  11-14  ym  by  Stimulated  Rotational  Raman  Scattering  in  Deuterium",  Opt.  Commun.  Vol. 
60,  pp.  45-48,  (1986)  and  reference  there  in. 

7.  A.S.  Grasiuk,  V.S.  Letokhow  and  V.V.  Lobko,  "Molecular  Infrared  Laser  Using  Resonant 

Laser  Pumping",  Prog.  Quant.  Electr.,  Vol.  6,  pp.  245-294,  (1980) 

8.  F.  Julien,  J.-M.  Lourtioz,  T.A.  De  Temple  and  S.J.  Petuchonski,  "Evidence  of  Four- 

VJave  Parametric  Interaction  in  Optically  Pumped  NH, "  Opt.  Commun.,  Vol.  54,  N°4,  pp.  246- 
250,  (1985) 

9.  M.  Bernardini,  M.  Giorgi,  A.  Polucci,  S.  Ribezzo  and  S.  Marchetti,  "Resonant  Four- 

Wave  Mixing  in  NHj  and  CH^F",  Opt.  Commun.,  Vol.  57,  N"6,  pp.  435-438,  (1986) 

10.  R.S.P.  Chang,  R.H.  Lehmberg,  M.T.  Duignan  and  N.  Djeu,  "Raman  Beam  Cleanup  of  a 

Severly  Aberated  Pump  Laser"  IEEE  J.  Quant.  Electr.  QE-21,  pp.  477-487,  (1985) 

11.  P.  Mathieu  and  J.R,  Izatt,  "Cont  •’ nuously  Tunable  CHjF  Raman  Far-Infrared  Laser", 

Opt.  Lett.  Vol.  6,  N'S,  pp.  369-371,  (1981) 

12.  M.  Blanchard,  J.  Gilbert,  F.  Rheault,  J.-L.  Lachambre,  R.  Fortin  and  R.  Tremblay, 

"Superatmospheric  Double-Discharge  CO2  Laser",  J.  of  Appl.  Phys.  Vol.  45,  N°3,  pp.  1311- 

1314,  (1974) 


467 


ULTRASTABLE  CARBON  DIOXIDE  CCOJ  LASERS* 


Charles  Freed 

Massachusetts  Institute  of  Technology 
Lincoln  Laboratory 
P.O.  Box  73 

Lexington,  Massachusetts  02173 


Abstract 


This  paper  reviews  the  spectral  purity,  frequency  stability  and  long-term  stabilization  of  CO^ 
isotope  lasers  developed  at  MIT  Lincoln  Laboratory,  Extremely  high  spectral  purity  and  short-term 
stability  of  less  than  1.5  x  10“‘^  have  been  achieved  and  will  be  discussed.  A  long-term 
stabilization  technique,  which  was  used  to  line-center  lock  any  regular  or  hot-band  CO^  isotope  laser 
transition,  is  described.  A  brief  description  on  using  CO^  lasers  as  secondary  frequency  standards  is 
also  given. 


Spectral  purity  and  short-term  stability 


The  theoretical  linewidth  of  a  laser  above  threshold  was  first  derived  by  Sohawlow  and  Townes' 
as: 


a:ihf  f  2 


where  Af  is  the  full  width  between  half-power  points  of  the  laser  output  (FWHM);  a,  h,  f^,  Pq.  and 
Qq  denote  the  population  inversion  parameter,  Planck's  constant,  the  center  frequency,  power  output 
and  "cold"  cavity  Q  of  the  laser,  respectively. 

In  a  well  designed  small  COj  laser  the  "cold"  cavity  Q  is  given  by: 

2iiLf 

-  _ ^  f  ~t\ 


Where  L,  c,  T^  denote  the  cavity  length,  velocity  of  light  and  mirror  transmission, 
respectively  (diffraction  losses  are  usually  negligible  compared  to  output  coupling  loss).  In  a  small 
COj  laser  with  L  =  50  cm,  T^,  =  51,  Qq  is  of  the  order  of  10’;  thus  for  a  typical  power  output  of  1 
to  10  Watts  (which  is  easily  obtainable  with  a  small  TEMgQq  mode  COj  laser)  the  quantum  phase  noise 
limited  linewidth  is  less  than  10"®  Hz. 


In  actual  practice,  however,  so-called  "technical"  noise  sources  dominate^’’  over  the  quantum 
phase  noise  limited  Schawlow-Townes  linewidth.  Examples  of  technical  noise  sources  are  acoustic  and 
structure-born  vibrations,  power  supply  ripple  and  noise,  etc.  These  can  cause  frequency 
instabilities  by  perturbing  the  effective  cavity  resonance  via  the  sum  of  fractional  changes  in  the 
refractive  index  n  and  the  cavity  length  L. 
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As  an  tA-ample,  a  change  of  only  10“’  Angstrom,  about  1/lOOU  of  the  hyrlrogen  atomic  diameter,  in  a 
50  cm  long  CO^  laser  cavity  will  cause  a  frequency  shift  of  approx iraately  6  Hz.  A  b  Hz  variation  in 
the  approximately  3  x  10'’  Hz  frequency  of  CO,  lasers  corresponds  to  a  fractional  instability  of  .1  x 
10"'’.  A  frequency  stability  at  least  as  good  as  0  z  10'“’  is  'mpli^d  in  Hig.  1,  whicn  snows  the  real 
time  power  spectrum  of  the  beat  signal  between  two  fjee  running  lasers,  designed  and  built  at  .MIT 
Lincoln  Laboratory.  The  frequency  scale  in  Fig.  I  is  500  Hz/cm,  indic.ating  that  the  optical 
frequencies  of  the  two  lasers  producing  the  beat  note  were  offset  by  less  than  3  x  10’  Hz.  The 
discrete  modulation  side-bands  were  primarily  due  to  line  frequency  harmonics,  fan  noise  and  slow 
drift;  however,  each  spectral  line  was  generally  within  the  10  Hz  resolution  bandwidth  of  the  spectrum 
analyzer.  The  measurement  of  the  spectral  width  was  limited  to  10  Hz  resolution  by  the  0.1  s 
observation  time  set  by  instrumentation  and  not  by  the  laser  stability  itself. 

Laser  stabilities  are  most  conveniently  measured  by  heterodyning  two  lasers,  as  is  shown  in  Fig. 
1.  v.^,„.,,ver,  the  results  are  not  altogether  foolproof  because  the  disturbances  causing  frequency  jitter 
of  the  lasers  may  be  at  least  paitijily  correlated.  In  an  optical  radar  one  may  compare  the  laser 
with  its  own  output  delayed  by  the  round  trip  time  to  and  from  the  target.  Hence,  effects  due  to 
disturbances  with  correlation  times  less  than  the  round  trip  time  of  the  transmitted  signal  will  be 
included  in  the  measured  beat  note  spectrum. 

Figure  2  shows  a  greatly  simplified  block  diagram  of  a  10.6  ym  laser  radar  at  the  MIT  Lincoln 
Laboratory  Firepond  Facility-’^  in  We.stford,  Massachusetts.  In  Fig.  2  wavy  and  solid  lines  denote 
optical  and  electrical  signal  paths,  respectively.  The  0.5  meter  local  and  the  1  .5  meter  power 
oscillators  were  designed  and  constructed  at  Lincoln  Laboratory’’^.  The  higher  power  oscillator  was 
phase-locked  to  the  local  oscillator  with  a  fixed  10  MHz  frequency  offset  between  the  two  lasers- 

The  frequency  stability  of  the  CO^  laser  radar  facility  at  Firepond  was  verified  from 
observations  on  GEOS-III,  a  NASA  geodetic  satellite  equipped  with  an  IRTRAN  II  solid  cube  corner 
retro-reflector.  Radar  returns  from  GEOS-III  have  been  used  to  determine  the  radial  velocity  of  the 
satellite  using  Doppler  measurements ,  and  to  set  an  upper  bound  to  the  laser  oscillator  instability’. 
During  these  measurements  the  satellite  range  was  1063  km,  which  corresponds  to  a  round-trip  signal 
travel  time  of  7.09  milliseconds  (ms).  During  these  measurements  the  constant  frequency,  amplified 
COj  laser  output  signal  was  chopped  by  means  of  a  duplexer  so  that  a  25%  duty  cycle  pulse  train 
consisting  of  9  ms  duration  pulses  16  ms  apart  was  transmitted  to  the  orbiting  satellite. 

The  spectra  that  result  from  a  radio  frequency  (R.F.)  test  signal  of  4  ms  duration  processed  in 
the  same  manner  as  the  optical  radar  data  are  shown  in  Fig.  3-  In  Fig.  3,  the  horizontal  rows 
simulate  logarithmic  displays  of  the  power  spectra  of  a  consecutive  sequence  of  radar  return  signals; 
this  type  of  display  is  the  Doppler-time-intensi ty  (DTI)  plot  in  radar  terminology.  The  sine’ 
function  shape  ot  the  spectra  due  to  the  4  ms  pulse  duration  is  quite  evident.  The  average  spectral 
width  10  db  below  the  peak  is  383  Hz,  and  the  standard  deviation  of  the  spectral  width  is  5  Hz. 

Figure  4  shows  the  DTI  plot  of  the  actual  COj  radar  signal  return  from  GEOS-III  at  a  1063  l<m 
range.  Notice  the  striking  similarity  to  the  simulated  DTI  plot  in  Fig.  3,  which  was  obtained  from  a 
high  quality  frequency  synthesizer  (that  was  also  part  of  the  radar  receiver).  A  comparison  of 
Figures  3  and  4  shows  that  the  -10  db  average  spectral  width  of  the  radar  return  signal  broadened  from 
383  to  399  Hz  and  the  standard  deviation  of  this  spectral  width  increased  from  5  to  18.5  Hz.  These 
figures  thus  indicate  that  the  short-term  stability  of  the  entire  COj  radar  system,  including  round 
trip  propagation  effects  caused  by  fluctuations  in  the  atmosphere,  was  better  than  1,5  x  10"’’  for  the 
7.09  ms  roundtrip  time  duration. 

Figure  4  also  shows  that  the  standard  deviation  of  pulse-to-pulse  centroid  jitter  of  the  spectra 
was  117  Hz  during  the  test  run.  No  effort  was  made  to  line-center  stabilize  either  one  of  the  lasers 
since  the  longterm  stability  of  the  free-running  laser  was  more  than  adequate  for  typical  optical 
radar  applications.  However,  as  mentioned  previously  (see  Fig.  2)  the  power  oscillator  was 
phase-looked  to  the  local  oscillator  with  a  fixed  10  MHz  frequency  offset  between  the  two  lasers. 
Figure  5  shows  the  real  time  power  spectrum  of  the  beatnote  of  the  two  phase-locked  lasers.  Note  that 
the  horizontal  scale  is  only  2  x  10"’  Hz/division  and  the  vertical  scale  is  logarithmic,  with  12.5 
db/division.  Figure  5  indicates  that  the  spectral  width  of  the  beatnote  was  only  9  x  10"’  Hz  at  60  db 
below  the  peak.  This  implies  that  the  full  spectral  width  between  the  half  maximum  points  (FWHM 
bandwidth)  was  only  about  9  x  10“‘  Hz.  It  took  26.67  minutes  of  measurement  time  to  obtain  just  a 
single  scan  with  the  frequency  resolution  of  Fig.  5.  Since  tracking  even  by  ?.  very  good  servo  system 
would  still  be  limited  by  quantum  phase  noise,  the  narrow  linewidth  in  Fig.  5  is  an  indirect,  but 
clear  confirmation  of  the  high  spectral  purity  of  COj  lasers,  as  predicted  by  the  Schawlow-Townes 
f  ormula . 
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L.aser  ilesign 


Figure  6  illustrates  the  most  basic  CO^  laser  structure  developed  at  MIT  Lincoln  Laboratory^ > ^ 
about  twenty  years  ago.  In  order  to  achieve  maximum  open  loop  stability,  =>  very  rigid  optical  cavity 
design  was  chosen,  which  utilized  stable  materials.  Four  thermally,  magnetically,  and  acousLica'ly 
shielded  low  expansion  superinvar  rods  define  the  mirror  spacing  of  the  optical  cavity.  The  mirrors 
are  internal  to  the  vacuum  envelope,  and  are  rigidly  attached  to  the  composite  granite  and  stainless 
steel  mirror  holders  bolted  to  the  four  invar  rods.  In  spite  of  the  rigid  structure ,  the  laser  design 
is  entirely  modular,  and  can  be  rapidly  disassembled  and  reassembled;  mirrors  may  be  interchanged,  and 
mirror  holders  can  be  replaced  by  piezoelectric  and  grating  controlled  tuners.  It  should  be  noted 
that  the  philosophy  and  many  other  aspects  of  the  stable  CO^  laser  design  may  be  easily  traced  back  to 
the  original  He-Ne  laser  design  of  A.  Javan. 

Figure  7  shows  a  1  .5  m  piezoelectrically  tunable  laser  which  is  offset-locked  to  a  0.5  m  local 
oscillator  reference  in  the  coherent  CO^  radar  at  the  Firepond  facility  of  Lincoln  Laboratory. 

Figure  8  illustrates  a  grating  controlled,  stable,  TEMooq  mode  laser.  Many  variants  of  these 
basic  designs  exist  both  at  Lincoln  Laboratory  and  elsewhere.  This  particular  unit  was  built  for  high 
power  applications,  such  as  optical  pumping  and  frequency  shifting.  The  first  order  reflection  of  the 
grating  was  coupled  through  a  partially  reflecting  output  mirror.  For  heterodyne  spectroscopy, 
zero-order  output  coupling  is  preferable.  Some  of  the  lasers  also  have  short  internal  absorption 
cells,  which  may  be  utilized  either  for  frequency  stabilization  or  for  very  stable  high  repetition 
rate  passive  Q-switching. 


Long-term,  line-center  stabilization  of  CO;  lasers 

The  width  of  the  Doppler  broadened  gain  profile  of  a  COj  laser  is  about  53  MHz.  Thus  the  COj 
laser  may  operate  anywhere  up  to  at  least  tens  of  MHz  away  from  the  center  frequency  of  the 
oscillating  transition.  In  many  applications  it  is  therefore  desirable  to  find  a  narrow  reference 
line  within  the  operating  frequency  range  of  the  laser  and  lock  to  this  reference.  Attempts  to  use 
COj  itself  as  a  reference  via  either  the  Lamb  dip  or  the  inverted  Lamb-dip  techniques®  yielded  rather 
poor  results  due  to  the  fact  that  the  lower  state  vibration-rotational  levels  of  the  COj  laser 
transitions  do  not  belong  to  the  ground  state,  and  therefore  the  absorption  coefficient  of  low 
pressure  room  temperature  COj  at  '0  pm  is  very  low.  This  in  turn  will  cause  difficulty  in  the 
observation  and  utilization  of  the  inverted  Lamb-dip  resonance  directly  in  the  full  power  output  of 
the  CO2  laser.  These  difficulties  were  overcome  at  Lincoln  Laboratory  in  1970,  when  it  was 
demonstrated’  that  the  standing  wave  saturation  effect  can  also  be  detected  by  observing  the  change  in 
the  intensity  of  the  A. 3  pm  spontaneous  fluorescence  emission  over  th“  entire  (001)  -  (000)  transition 
band  as  the  laser  frequency  is  tuned  across  the  Doppler  profile  of  the  corresponding  10  pm  absorption 
line.  The  change  in  the  entire  band  is  due  to  the  fact  that  radiation-induced  change  in  the 
population  of  an  Individual  rotational  level  is  accompanied  by  a  change  in  the  populations  of  all 
rotational  levels  of  the  same  vibrational  state;  this  is  caused  by  the  coupling  among  the  rotational 
levels,  which  tends  to  maintain  a  thermal  population  distribution.  Figure  9  graphically  illustrates 
the  experimental  arrangement  in  which  low  pressure,  room  temperature  COj,  serving  as  the  saturable 
absorber,  is  subjected  to  the  standing  wave  laser  field  generated  in  a  stabilizing  cell  placed  either 
internal  or  external  to  the  laser  cavity,  with  the  laser  oscillating  in  any  preselected  (00“1)  regular 
or  (01 ‘1)  hot  band  transition.  In  the  vicinity  of  the  absorption  line  center  a  resonant  change  in  the 
*1.3  pm  fluorescense  signal  appears  which  is  analoguous  to  a  Lamb-dip. 

Figure  10  illustrates  the  Lamb-dip  like  appearance  of  the  resonant  change  in  the  *1.3  pm 
fluorescence  signal  as  the  laser  is  slowly  tuned  in  frequency.  By  applying  a  small  frequency 
modulation  to  the  laser  as  it  is  tuned  in  the  vicinity  of  the  absorption  line  center,  the  derivative 
of  the  *1.3  pm  signal  is  obtained,  as  illustrated  in  Fig.  11.  The  *1.3  pm  derivative  signal  in  Fig.  11 
was  obtained  by  applying  a  ±100  kHz  frequency  modulation  to  the  laser  at  a  260  Hz  rate.  1.75  W  of  the 
laser's  output  was  directed  into  an  external  stabilization  cell  which  was  filled  to  a  pressure  of 
0.03*1  Torr  with  pure  room  temperature  COj.  It  is  a  straightforward  procedure  to  line-center  stabilize 
a  COj  laser  by  using  the  *1.3  pm  derivative  signal  as  a  frequency  discriminant  in  conjunction  with  a 
phase  sensitive  detCv^tor.  Any  deviation  from  the  center  frequency  of  the  lasing  transition  yields  a 
positive,  or  negative,  phase  sensitive  detector  output  voltage  which  is  then  utilized  as  a  feedback 
signal  in  a  servo-loap  to  obtain  the  long-term  frequency  stabilization  of  the  laser  output ‘ ’ 

Figure  12  shows  the  block-diagram  of  a  two-channel  heterodyne  calibration  system  in  which  two  low 
pressure,  room  temperature  COj  gas  cells  external  to  the  lasers  were  used  to  line-center  stabilize  two 
grating  controlled  stable  lasers  filled  sequentially  with  9  different  COj  isotopic  species. 
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Figure  13  shows  a  photograph  of  the  optical  portion  of  the  two-channei  heterodyne  v.i  I  i  trat  ion 
system  which  was  instrumental  in  obtaining  the  absolute  frequencies,  band  centers,  and  r'otationai 
constants  of  the  nine  COj  isotopic  species*’  during  the  last  few  years.  In  es-sence,  optical 
heterodyne  techniques  were  used  to  generate  and  accurately  measure  with  frequency  counters  over  nine 
hundred  beatnotes  between  pairs  of  line-center  stabilized  grating  controlled  CO^  isotope  lasers.*’ 

The  spectrum  analyzer  display  of  a  typical  beatnotc  is  shown  in  Fig.  It.  Note  that  the  S/N  ratio 
is  greater  than  50  db  at  the  2U.ij  GHz  beat  frequency  of  the  two  laser  transitions. 

Figure  15  illustrates  the  time  domain  frequency  stability  that  has  been  routinely  achieved  with 
the  two-ohannel  heterodyne  calibration  system  using  the  4.3  p.m  fluorescence  stabilization  technique.*’ 
The  open  and  filled  circles  represent  two  separate  measurement  sequences  of  the  Allan  Variance  of  the 
frequency  stability 
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M 
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Each  measurement  consisted  of  M=50  consecutive  samples  for  a  sample  time  duration  (observation  tim») 
of  T  seconds.  Figure  15  shows  that  Oy  <  2x10”*’  has  been  achieved  for  t'-lOs,  which  means  that  a 
frequency  measurement  precision  of  about  50  Hz  may  be  readily  achieved  within  a  few  minutes. 


The  triangular  symbols  in  Fig.  15  represent  the  frequency  stability  of  a  Hewlett-Packard  (HP) 
model  5061  cesium  atomic  frequency  standard  as  specified  in  the  1987  HP  catalog.  Clearly,  the 
frequency  stabilities  of  the  COj  and  the  cesium  stabilized  systems  shown  in  Fig.  15  are  about  the 
same. 


The  upper  bound  short-term  stabilities,  as  measured  in  the  laboratory  (see  Fig.  1)  and  determined 
from  COj  radar  returns  at  the  MIT  Lincoln  Laboratory  Firepond  facility  (see  Fig.  4)  are  also  indicated 
by  the  two  crossed  circle  symbols  in  the  lower  left  corner  of  Fig.  15.  It  is  quite  obvious  that  at 
least  two  to  three  orders  of  magnitude  better  short-term  stabilities  have  been  achieved  in  a  COj  radar 
compared  to  Microwave  Systems. 

The  frequency  reproducibility  of  the  two-channel,  line-center  stabilized  COj  heterodyne 
calibration  system  is  indicated  in  Fig.  16,  which  shows  a  so-called  "drift-run"  taken  over  an  8/12 
hour  period  beginning  at  1  p.m.  The  frequency  stability  measurement  apparatus  was  fully  automatic*’ 
and  continued  to  take,  compute  and  record  the  beat  frequency  data  of  the  two  line-center  stabilized 
COj  isotope  lasers  even  after  about  5  p.m.  when  everybody  left  the  laboratory.  Approximately  100 
seconds  apart  a  data  point  was  printed  out  which  represented  the  deviation  from  the  beat  frequency 
which  was  averaged  over  8  1/2  hours.  A  measurement  time  of  t=10s  and  M=8  samples  were  used  for  each 
data  point,  yielding  a  measurement  accuracy  much  better  than  the  approximately  ±1  kHz  peak  frequency 
deviation  observable  in  Fig.  16.  Most  probably  this  frequency  drift  was  caused  by  small  voltage 
offset  errors  in  the  phase  sensitive  detector  driven  servo  amplifier  outputs  which  controlled  the 
piezoeleotrically  tunable  laser  mirrors.  Since  500  volts  was  required  to  tune  the  laser  one 
longitudinal  mode  spacing  of  100  MHz,  an  output  voltage  error  of  t2.5  mV  in  each  channel  was 
sufficient  to  cause  the  ±1  kHz  peak  frequency  deviation  observable  in  Fig.  16.  By  monitoring  the 
piezoelectric  drive  voltage  with  the  input  to  the  lock-in  amplifier  terminated  in  50  li  (instead  of 
connected  to  the  InSn  4.3  um  fluorescence  detector)  it  was  detei’mined  that  slow  output  voltage  drifts 
of  up  to  ±2.5  mV  were  indeed  present  in  the  electronics,  which  correspond  to  ±5  ppm  drifts  in  the 
output.  Note,  that  no  special  precautions  were  taken  to  protect  either  the  lasers  or  the  associated 
electronic  circuitry  from  the  temperature  fluctuations  in  the  laboratory  which  were  rather  significant 
(±  several  "O.  Substantial  improvements  are  possible  with  more  up-to-date  electronics  and 
temperature  controlled  environment;  these  would  indeed  become  necessary  if  the  emphasis  would  change 
toward  the  creation  of  a  primary  frequency  standard. 

Perhaps  the  greatest  advantage  of  the  4.3  urn  fluorescence  st.abi  1  i  zat  ion  method  is  that  it 
automat ical ly  provides  a  nearly  perfect  coincidence  between  the  lasing  medium's  gain  profile  and  the 
resonance  of  the  saturable  absorber,  since  they  both  utilize  the  same  mol-ccule,  CO^.  Thus  every  P  and 
R  transition  of  the  (00°1)-I  and  -II  regular  bands  and  the  (01*1)  hot  band  may  be  line-center  locked 
utilizing  the  same  stabilization  cell  and  gas  fill.  Furthermore,  the  saturation  resonance  is  detected 
separately  at  the  4.3  ym  fluorescence  band  and  not  as  a  fractional  change  in  the  much  higher  power 
laser  radiation  at  10  um.  At  4.3  ym,  InSn  photovoltaic  detectors  are  available  which  can  provide  very 
high,  background  limited  sensitivity. 
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CO;  isotope  lasers  as  secondary  frequency  standards 


In  CO;  molecular  lasers  transitions  occur  between  two  vibrational  states,  ain-.e  e  k  ,0  vi  tr.it  ;onai 
state  has  a  whole  set  of  rotational  levels,  a  very  large  number  of  laser  line.s,  eacn  with  a  iiit'erenl 
frequency  (wavelength)  can  be  generated.  Moreover,  isotopic  substitution  of  the  oxyg-iri  and/or  carbon 
atoms  make  IS  different  isotopic  combinations  possible  for  the  CO;  molecule.  Approx i.matel y  30  to  ’oO 
regular  band  lasing  transitions  may  be  generated  for  each  of  the  CO;  isotopic  species.  by  using 
optical  heterodyne  techniques,  the  beat  frequencies  between  laser  transitions  of  individually  line- 
center  stabilized  isotopic  CO;  laser  pairs  were  accurately  measured.  As  a  result,  the  absolute 
frequencies,  vacuum  wavenumbers,  band  cfnters,  and  ro-vibrational  constants  for  '■'C‘''0;, 

‘’C‘*0;,  '"C‘®0;,  “o'^c'^o,  “  0  ‘  ’  C 0 ,  ‘-c“0;,  aod  ‘“C‘“0j,have  been  simultaneously 
calculated  from  well  over  900  beat  frequency  measurement.s .  ‘  ’  The  accuracies  of  these  frequency 
determinations  are,  for  the  majority  of  the  transitions,  within  about  b  kHz  relative  to  tne  primary  Is 
frequency  standard.  Consequently,  in  the  8.9-12.3  pm  wavelength  region  line-center  stabilized  C!j; 
isotope  lasers  can  be  conveniently  used  as  secondary  frequency  standards.  One  can  also  utilize 
difference  frequencies  and  harmonics  of  CO;  lasing  transitions  to  synthesize  precisely  known  reference 
lines  well  beyond  the  8.9-12.3  pm  range.  Figure  17  graphically  illustrates  the  frequency  and 
wavelength  domain  of  the  nine  CO;  isotopic  species  which  were  measured  to  date.  extends  the 
wavelength  range  to  well  beyond  12  pm,  while  transitions  reach  below  9Mm. 


In  yet  another  project  at  MIT  Lincoln  Laboratory  the  equivalent  of  a  programmable-,  and  highly 
accurate  infrared  synthesizer  was  developed*"  as  shown  in  Fig.  IS. 


The  synthesizer  output  is  derived  from  a  lead-salt  tunable  diode  laser  CTDL);  a  small  portion  of 
the  TDL  output  Is  heterodyned  against  a  line-center  stabilized  grating  controlled  CO;  (or  CO) 
molecular  laser.  The  beatnote  of  the  two  lasers  is  detected  by  a  high  speed  HgCdTe  (varactor) 
photodiode.  The  detected  beat  frequency,  which  is  generally  in  the  0  to  18  GHz  range  is  further 
heterodyned  to  some  convenient  intermediate  frequency  (l.F.)  using  readily  available  commercial 
R. F. /microwave  frequency  synthesizers  and  wide-band  double  balanced  mixers.  The  l.F.  output  is 
amplified  and  amplitude  limited  by  means  of  low-noise,  wide-band  amplifiers  and  limiters.  The  limiter 
output  is,  in  turn,  used  as  input  to  a  wide-band,  delay-line  type  frequency  discriminator  (200  to  600 
MHz  typical  bandwidth).  The  output  of  the  frequency  discriminator  is  further  amplified  by  .means  of  a 
servo  amplifier/integrator,  the  output  of  which  is  then  used  to  control  the  current  which  determines 
the  output  frequency  of  the  TDL.  By  closing  the  servoioop  in  this  fashion  the  TDL  output  is  frequency 
offset-locked  to  the  combination  of  CO;  (or  CO)  laser,  R.F. /microwave  synthesizer,  and  the 
center-frequency  of  the  wideband  l.F.  discriminator  which  is  monitored  by  a  frequei cy  counter.  The 
entire  infrared  synthesizer  system  shown  in  Fig.  18  is  controlled  by  a  computer.  If,  for  instance, 
the  microwave  synthesizer  is  frequency  swept  under  computer  control,  the  I.fi.  output  freque.ncy  of  the 
TDL  would  be  swept  too  in  synchronism  with  the  microwave  synthesizer,  since  the  frequency 
offset-locking  servoioop  forces  the  TDL  output  to  maintain  the  frequency  relationship 

f  =  f  +  f  +  f 

TDL  CO^/CO  synthesizer  "  l.F.  counter  (5) 


In  Eq.  (5)  above,  the  frequency  of  the  R.F. /microwave  synthesizer  is  predetermined  by  the  operator  or 
computer  program,  the  l.F.  frequency  is  very  accurately  measured  (and  averaged  if  so  desired)  even  in 
the  presence  of  appreciable  freqency  modulation  (which  may  be  necessary  in  order  to  line-center  lock 
either  or  both  lasers);  thus  the  absolute  accuracy  of  the  TDL  output  frequency,  ffp^  will,  to  a  ver> 
large  degree,  depend  on  the  absolute  accuracy,  resettability  and  long  term  stability  of  the  reference 
laser(s).  The  most  accurate  results  obtained  to  date  were  ai..iieved  with  the  use  of  CO;  reference 
lasers . 


Conclusions 


CO;  lasers  have  demonstrated  greater  spectral  purity  and  better  short  term  stability  than  any 
other  oscillator  at  any  frequency.  These  results  were  confirmed  by  laboratory  measurements  and  also 
deduced  from  analysis  of  CO;  radar  returns  from  orbiting  satellites.  .A  long-term  stabilization 
technique,  using  low  pressure  room  temperature  CO;  gas  as  a  reference,  was  also  developed  so  that 
long-term  CO,  laser  stabilities  at  least  comparable  to  commercial  grade  atomic  clocks  can  be  also 
achieved.  By  using  a  line-center  stabilized,  two-channel  CO;  laser  heterodyne  system,  ihe  absolute 
frequencies  of  lasing  transitions  and  the  ro-vibrational  constants  of  nine  CO;  isotopic  species  were 
determined  to  within  about  5  kHz  relative  to  the  primary  cesium  frequency  standard.  These  results 
allow  the  CO;  system  to  be  used  as  a  secondary  frequency  standard  in  the  infrared  spectrum.  Further¬ 
more,  the  results  described  in  this  paper  were  achieved  with  laser  designs  and  components  which  were 
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developed  15-20  years  ago.  Extensive  experience  gained  by  working  with  these  lasers  el>-,irly  iruii  '-res 
that  at  least  one  to  two  orders  of  magnitude  improvements  of  both  short-term  and  long-term  stabiiitie-s 
should  be  achievable  with  improved  designs. 
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-iG.  2.  Infrared  radar  system  block  diagram. 


Fig.  1.  Real  time  power  spectrum  of  the  beat  signal 

BETWEEN  TWO  FREE  RUNNIMC  0^2  LASERS. 
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Fig.  3,  Doppler-time- INTENSITY  plot  for  a  4-nis 

DURATION  R.F.  TEST  SIGNAL. 
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Fig.  Doppler-time- INTENSITY  plot  for  the 
GEOS-III  RADAR  RETUP,'  SIGNAL, 
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SPECTRAL  DENSITY 


SPECTRAL  PURITY  OF  CO2  LASERS 
TWO  LASERS  PHASE-LOCKED  WITH 
10  MHz  FREQUENCY  OFFSET 


MEASUREMENT  TIME:  26  67  min  I 
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Fig,  5.  Spectral  purity  of  beatncte  between  two 

PHASE-LOCKED  LASERS. 


Fig.  6.  Basic  stable  laser  structure  developed  at 
MIT/Lincoln  Laboratory. 


Fig.  8.  Basic  gratinc-controlled  stable  tem„„„- 

MODE  CO2  LASER.  ^ 


Fig.  7.  Offset-locked  lasers  in  the  coherent  COo 
RADAR  AT  THE  FiREPOND  FACILITY. 

RESONANT  INTERACTION  FOR  co  =  to,,  [k  .  v  =  01 


Fig.  9.  Graphic  illustration  of  the  saturation 

resonance  observed  in  CO2  FLOURESCENCE  AT 
The  figure  shows  an  internal 

ABSORPTION  CELL  WITHIN  THE  LASER  CAVITY. 

External  cells  may  also  be  used. 


T«a(«K  mm) 


Kn 

p«a094^ 


Fig,  10.  Iamb-dip  like  appearance  of  the  resonant 
lHANGE  in  the  FLOURESCENCE. 


475 


VN  •  -WOO 
Al  •  -ttOOWi 
fn  ■  MO  Hi 


T  •  0.)  Mc  (ikigM  poH) 
P,  •  l.TSWi  PeO); 
p  ■  0.0S4  T^., 


<  t 


Fig.  12.  Block  diagram  of  the  two-channel  line- 

center  STABILIZED  CO9  ISOTOPE  CALIBRATION 
SYSTEM. 


Fig.  11.  Derivative  signal  at  4.3^™  in  the  vicinity 

OF  THE  STANDING  WAVE  SATURATION  RESONANCE. 


Fig.  13.  Photograph  of  the  optical  portion  of  the 

TWO-CHANNEL  CO2  CALIBRATION  SYSTEM. 


24,410.301  WHz  BEAT  OF  '®o’^c'®0  LASER  OOl-I  P(12) 
AND  ’^c'^O^  LASER  001-1  P(6)  TRANSITIONS 

POWER  LEVELS  INTO  PHOTODIODE  : 

'^c’^Oj  LASER:  0.42 mW 
'®0'^C'®0  LASER:  0.48  mW 

SECOND  HARMONIC  OF  MICROWAVE  L.O. 

10  kHz  NOISE  BANDWIDTH 

Fig.  14.  Spectrum  Ainalyzer  display  of  a  typical, 
LONG-TERM  STABILIZED  BEATNOTE. 


476 


FREQUeNCV  STABfUTY. 


TIME  DOMAIN  FREQUENCY  STABILITY 


'  \ 
M  SO 


i',.  HP  5061  CESIUM 
ATOMIC  STANDARD 

O  I  I  Pl20l 

•  !  ’5C’®Oj  I  R(24l 
®  COj  SHORT  TERM  STABJIITV 

i  -  i  -  1  ,  1.  i  1  i: 


i^lluL 


SAMPLE  TIME,  r  {si 


Fig.  15.  Time  domain  frequency  stability  of  the 

TVO-CHANNEL  HETERODYNE  CALIBRATION  SYSTEM 
USING  THE  4.3um  FLOURESCENCE  STABILIZATION 
TECHNIQUE. 
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Fig.  16.  Slow  drifts  in  beat  frequency  due  to  small 
DEVIATIONS  from  TRUE  ZERO  OF  THE 
electronics  (CAUSED  BY  TEMPERATURE 
VARIATIONS). 
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Fig.  17.  Frequency  Aho  wavelength  domain  of  nine 
CO2  ISOTOPIC  SPECIES. 


BLOCK  DIAGRAM  OF  A  PRECISE.  CONTINUOUSLY 
TUNABLE  INFRARED  FREQUENCY  SYNTHESIZER 


Fig.  18.  Block  diagram  of  an  accurate^  tunable^ 
COMPUTER  controlled,  '<Hz  RESOLUTION 
INFRARED  FREQUENCY  SYNTHESIZER. 
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EXPERIMENTAL  AND  THEORETICAL  ANALVSIS  OE  CO 
UNDER  BLACK  BODY  OPTICAL  EXCITATION 


J.M.  Sirota  and  W.H.  Christiansen 
University  of  Washington,  FL-IO 
Seattle,  WA  98195 


Abstract 

A  series  of  experiments  and  modeling  were  performed  in  order  to  define  the  properties  ot 
CO-Ar  mixtures  as  active  medium  for  a  blackbody  radiation  pumped  laser.  The  vibrational 
temperature  of  the  first  excited  state  of  CO(Tvi)  was  measured  by  the  spectral  line  reversal 
method.  Values  of  Tv  i  close  to  the  temperature  of  the  pumping  blackbody  cavity  were 
obtained.  The  spatial  dependence  of  the  absorbed  power  per  unit  volume  was  calculated  and 
experimentally  verified.  Pumping  container  diameters  of  several  centimeters  are  possible, 
using  high  Ar  content  mixtures.  The  vibrational  distribution  and  its  time  dependence  were 
calculated  by  means  of  a  numerical  method  that  solves  the  rate  equations  of  the  system. 
Cood  agreement  between  measured  and  calculated  values  of  Tv  i  was  found.  Radiative  trapping 
is  proposed  as  a  method  to  increase  the  energy  storage  time  after  pumping. 

I ntroduct ion 


The  optical  pumping  of  lasers  using  a  black  body  cavity  heated  by  solar  radiation  has 
been  proposed  as  an  efficient  method  to  convert  solar  energy  into  laser  light'.  Several 
experiments  have  been  performed  to  show  the  feasibility  of  the  concept,  and  lasing  in  CO2 
and  N2O  and  their  isotopes  was  demonstrated^  .  While  the  performance  of  these  mixtures  was 
found  quite  satisfactory,  the  limiting  factors  for  the  absorbed  power  density  were 
identified.  Because  the  relatively  fast  V-T  deactivation  rates  of  these  lasants  the  pres¬ 
sure  of  the  gas  could  not  he  increased  above  the  10-20  torr  range,  limiting  the  number  den¬ 
sity  of  active  molecules  and  also  the  broadening  of  the  absorption  lines. 

Carbon  monoxide  presents  much  lower  V-T  deactivation  rates,  allowing  higher  densities  and 
broader  absorption  spectrum.  The  absorbed  power  density  and  vibrational  energy  storage 
times  can  he  considerably  larger  than  for  CO2  and  N2O  species.  Also,  because  of  its  high 
quantum  efficiency,  a  large  fraction  of  the  pumping  power  can  be  extracted  as  laser  power. 
Due  to  the  slow  V-T  processes,  other  laser  schemes  could  be  envisioned,  such  as  transporting 
the  excited  gas  and  transferring  the  energy  to  other  lasants,  or  lasing  separate  from  the 
pumping  region.  Approximate  evaluations  for  the  efficiency  of  CO  lasing  in  a  blackbody 
pumped  system  have  been  made  in  Ref.  3,  and  values  as  high  as  60%  for  high  pressure  opera¬ 
tion  were  obtained.  We  report  here  the  results  of  the  first  series  of  experiments  and 
modelling  aimed  to  define  the  properties  of  CO  in  a  black  body  pumped  system.  Measurements 
of  the  vibrational  temperature  of  CO  and  optical  pumping  profiles,  and  calculation  ot  the 
vibrational  population  distribution  and  its  time  dependence  are  presented. 

Vibrational  Temperature  Measurements 

The  vibrational  temperature  associated  to  the  population  of  the  first  vibrational  level 
of  the  CO  molecule  partially  defines  the  vibrational  population  distribution'*.  Its  measure¬ 
ment  is  necessary  to  ev/aluate  the  absorption  and  storage  of  energy  under  radiative  pumping. 
The  spectral  line  reversal  technique^  was  applied  here  with  that  purpose.  In  this  technique 
Tight  from  a  reference  blackbody  is  passed  through  the  sample.  The  reversal  condition  is 
obtained  when  this  radiation  is  unmodified  by  the  presence  of  the  radiating  gas  sample.  In 
this  situation  the  characteristic  temperature  of  the  system  under  study  is  equal  to  the  tem¬ 
perature  of  the  reference  blackbody. 

The  experimental  set-up  is  shown  in  Fig.  1.  A  cylindrical  electrically  heated  oven  pro¬ 
vides  the  pumping  radiation.  The  gas  mixture  (CO-Ar)  is  flown  through  a  sapphire  tube  sur¬ 
rounded  by  a  cooling  jacket.  The  components  of  the  mixture  are  of  research  grade  purity. 
The  measurement  entails  observation  of  the  gas  as  it  exits  the  pumping  region.  The  cell  has 
calcium  flouride  windows  and  a  small  thermocouple  monitors  the  gas  translational 
temperature.  The  reference  blackbody  is  a  small  oven  in  which  the  temperature  is  electroni¬ 
cally  controlled.  While  lenses  are  shown  in  the  figure,  reflective  optics  are  used  in  the 
setup.  The  bandpass  filter  allows  radiation  from  4.65  um  to  4.85  urn  to  reach  the  detector. 
All  the  high  intensity  lines  of  the  R  band  of  the  v  =  l  to  0  transition  fall  into  this  range 
at  the  temperatures  of  the  experiment.  The  accuracy  of  the  method  is  determined  by  the  S/N 
ratio  of  the  detector  and  associated  electronics,  and  by  the  ratio  between  the  equivalent 
linewidth  of  the  gas  and  the  bandwidth  of  the  filter.  The  expression  for  the  relative  error 
in  the  measurement  of  Tv  1  is  given  in  the  appendix. 
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The  values  of  Tv i  measured  for  several  pressures  and  mixtures  are  shown  in  Table  1,  tor 
I'iOn^K  pumping  blackhody  temperature  and  300°K  translational  gas  temperature  at  the  cell. 
Vibrational  temperatures  as  high  as  h50°K  were  measured,  which  ly  temperatures  of  1  300  °K 
inside  the  pumping  region  in  a  steady  state  situation.  The  operating  pressures  are  alj  least 
one  order  of  magnitude  higher  than  those  allowed  by  CO2  and  N2O  in  former  experiments  .  Low 
concentrations  of  CO  in  the  mixtures  allowed  deeper  optical  pumping.  A  more  detailed 
analysis  of  this  effect  is  made  in  the  next  section.  Calculated  values  for  Tv  1  are  also 
listed  in  Table  1.  These  values  were  obtained  using  the  mode  described  in  section  4. 


Fie.  1.  Experimental  set-up. 


TABLE  I.  Vibrational  temperature  (TV!)  of  CO  9  the  test  cell. 


T33  * 

pumping 

1500  K. 

300  X,  CO-Ar  mixeures 

%  of  CO 

Pressure 

Cooling  jacket 

TVl  meas. 

T/l  calc. 

(Torr) 

material 

(K)  (±5%) 

(K) 

15 

200 

Sapphire* 

950 

955 

;o 

100 

ir 

900 

935 

20 

200 

tt 

900 

930 

30 

200 

850 

880 

20 

100 

Quartz** 

600 

595 

30 

100 

II 

550 

570 

*  TransaiCtance  3  4.67  Um  =  .77  (measured  value) 

ikir 

TransmiCtance  0  4.67  ym  =  .10  (measured  vaiue) 


The  spatial  distribution  of  excited  molecules  is  determined,  in  part,  by  the  spatial 
dependence  of  the  optical  excitation  inside  the  gas  mixture.  Thus,  as  a  first  approxima¬ 
tion,  a  one-dimensional  calculation  of  the  absorption  of  radiation  in  CC)-Ar  mixtures  was 
performed.  Argon  presents  a  very  low  V-T  deactivation  probability  in  collisions  with  CO  and 
its  addition  widens  the  spectral  absorption  lines  of  CO  by  collisional  broadening.  This 
yields  an  increase  in  optical  depth  without  deleterious  V-T  losses.  The  power  absorbed  per 
unit  volume  was  calculated  using  standard  expressions  for  the  integrated  intensity  of  the 
bands,  for  Lorentzian  spectral  line  profiles.  A  similar  calculation,  but  for  the  total 
power  absorbed  over  a  certain  distance,  was  carried  in  Ref.  3. 

The  spatial  pumping  profile  for  the  one-dimensional  case  is  shown  in  Fig.  2.  The  func¬ 
tion  G  represents  the  power  absorbed  per  unit  volume  at  position  x,  normalized  to  the  value 
of  power  absorbed  per  unit  volume  in  the  optically  thin  limit.  The  abscissa  parameter  (2) 

is  the  product  of  the  distance  to  the  wall  times  the  percentage  of  CO  in  the  mixture.  As 

can  be  seen,  for  mixtures  containing  high  Ar  fraction  the  e-folding  distance  is  of  the  order 
of  centimeters,  and  independent  of  total  pressure.  It  must  be  noted  that  a  small  value  of  2 
does  not  necessarily  mean  low  density  of  CO  molecules.  The  total  pressure,  and  thus  the 
number  density  of  CO,  can  be  increased  without  modifying  the  spatial  pumping  profile.  The 
spatial  pumping  profile  for  CO2  for  the  same  conditions  is  plotted  in  the  same  figure  for 
comparison . 

An  experimental  set-up  was  built  to  verify  the  accuracy  of  this  calculation  (Fig.  3).  A 
rectangular  cell  contained  the  gas  mixture.  Infrared  pumping  radiation  originated  by  an  arc 
lamp  was  focused  into  the  cell,  and  the  spontaneous  emission  radiation  of  the  gas  was 
measured  in  the  perpendicular  direction.  The  position  of  the  measurement  point  was  varied 
along  the  cell.  The  filtering  and  detection  scheme  was  similar  to  the  one  shown  in  Fig.  1. 
Proportionality  between  spontaneous  emission  intensity  and  power  absorbed  was  assumed  for 
these  measurements.  The  results  obtained  for  mixtures  with  5  and  10%  CO  are  shown  in 

Fig.  4.  They  have  been  normalized  by  dividing  the  signal  at  position  X  by  the  value  for  the 

signal  at  X=n .  Good  agreement  between  the  calculated  and  measured  spatial  dependence  pro¬ 
files  can  be  seen. 


Z  -  Fraction  ot  CO  in  tho  mixture  x  Distance  to  the  rrxait  in  cm. 


Fig.  2.  Calculated  radiative 
pumping  profile  for  CO-Ar 
and  C02-Ar  mixtures. 


Fig.  3.  Experim.ental  set-up 
for  opticzi  pumping  profile 
measurements . 
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Fig.  4.  Measured  spontaneous 
emission  intensities,  norma¬ 
lized  to  the  value  at  x=0. 
The  curve  corresponds  to  the 
calculated  optical  pumping 
profile . 


Numerical  Model 


The  rate  equations  for  the  vibrational  states  were  formulated  and  solved  to  predict  the 
population  distribution  under  and  after  blackbody  pumping.  These  included  multilevel  radia¬ 
tive  excitation,  V-V  interlevel  energy  transfer,  and  V-T  processes.  The  rate  constants  were 
calculated  using  experimentally  proved  kinetic  models^/^.  The  number  of  vibrational  levels 
was  adjusted  according  to  the  characteristic  vibrational  temperature  (Tvi),  as  to  include 
many  upper  vibrational  levels  in  the  Poltzman  region  of  the  distribution.  The  steady  state 
and  time  dependent  solutions  of  the  system  were  found  using  an  initial  value  solver  for 
stiff  systems.  Figure  5  shows  an  example  of  the  steady  state  solution  for  a  hypothetical 
case  of  2ino°K  blackbody  temperature,  200°K  gas  temperature,  and  one  atmosphere  total 
pressure.  It  presents  the  very  well  known  distribution  for  anharmonic  oscillators  in  a  non- 
equiHbrium  situation.  The  small  signal  gain  was  calculated  for  the  more  intense  rotational 
lines  for  several  vibrational  transitions,  giving  values  of  the  order  of  0.15%/cm.  The 

model  also  permits  one  to  calculate  the  time  evolution  of  the  distribution.  Figure  6  shows 

the  time  history  of  Tv  i  as  the  gas  flows  through  the  experimental  set-up  shown  in  Fig.  1. 
In  this  particular  case  the  gas  spent  2.5  radiative  lifetimes  (optically  thin  value  for  v=l 
to  0  transition)  in  the  pumping  region,  and  achieved  a  vibrational  temperature  of  1100°K  for 
1500°K  blackbody  pumping  temperature.  The  values  of  Tv  for  the  test  cell  position  for  dif¬ 
ferent  cases  are  the  ones  listed  as  calculated  values  in  Table  1. 

As  the  V-T  deactivation  rates  are  very  small  for  this  molecule,  and  diffusion  and  wall 
deactivation  can  be  made  negligible  at  high  pressures,  the  decay  of  stored  vibrational 
energy  downstream  of  the  pumping  region  is  dominated  by  radiative  losses.  Thus,  radiation 
trapping  schemes  are  needed  to  transport  the  excited  gas  efficiently.  The  time  dependence 
of  the  total  stored  vibrational  energy  after  the  pumping  for  two  radiative  trapping  condi¬ 
tions  is  shown  in  Fig.  7,  The  first  case  corresponds  to  the  optically  thin  condition  and 

the  characteristic  time  of  decay  is  very  close  to  the  radiative  lifetime  of  the  first  vibra¬ 

tional  level.  In  the  second  case,  the  expressions  derived  by  Holstein®  were  used  to  calcu¬ 
late  the  equivalent  radiative  lifetime  for  each  of  the  lower  levels  for  this  optically  thick 
case,  adding  the  effect  of  99%  reflective  walls.  As  it  can  be  seen,  this  simple  scheme 
allows  considerable  increase  in  the  storage  time. 


r  r  r  t  i  tu m  t  r  r  fu  <  »  i  m 

Vibralional  level 


rig.  5.  Vibrational  popula¬ 
tion  distribution  under 
blackbody  pumping.  Steady 
state  solution. 
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Fig.  6.  Vibrational  tempera¬ 
ture  history  of  CO  in  the 
CO-Ar  mixture  flowing  thru 
the  experimental  system 
shown  in  Fig.  1. 


Fig.  7.  Time  dependence  of 
the  stored  vibrational  ener¬ 
gy  after  the  gas  exits  the 
pumping  cavity.  A)  Optically 
thin  case,  B)  Radius  of 
transporting  tube  =  5  cm..  , 
and  99%  wall  reflectivity. 


Summa  ry 


The  vibrational  temperature  measurements  have  demonstrated  the  feasibility  ot  exciting 
carbon  monoxide  to  vibrationai  temperatures  close  to  that  of  the  pumping  blackbody  cavity. 
Some  preliminary  measurements  have  also  shown  that  the  decay  of  stored  energy  is  dominated 
by  radiative  losses.  The  optical  pumping  profile  calculations  and  measurements  have  shown 
that  large  pumping  containers  (several  centimeters  diameter)  can  be  used,  and  that  high 
number  density  of  carbon  monoxide  is  possible  by  maintaining  high  Ar  content  in  the  mixture. 
The  implemented  code  for  the  rate  equations  allows  prediction  of  the  vibrational  distribu¬ 
tion  and  its  time  dependence.  The  calculated  values  for  Tv  agree  with  those  obtained 
expp r imen t a  1  ly .  While  the  radiative  lifetime  of  CO  is  inherently  large  (30  ms.),  it  is 
still  possible  to  effectively  increase  it  by  radiative  trapping,  for  energy  storage  or 
transfer  purposes.  The  simple  sc(.eme  proposed  yields  e-folding  times  of  0.5  sec.,  and  it 
will  be  experimentally  tested.  V-V  energy  transfer  by  isotopes,  and  enlargement  ot  storage 
times  by  addition  of  N2  should  further  enhance  the  advantages  of  this  molecule. 
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Assuming  uniform  gas  temperature  and  density,  the  integrated  radiative  transfer  equation  is: 


^v(x  =  d)  =  ByfTcAs’ +  Rv<Tbb>®’'P<-'‘v’^^ 


where  Ty  is  the  specific  intensity;  By  is  the  thermal  equilibrium  specific  intensity,  ay  is 
the  absorption  coefficient  of  the  gas  at  frequency  v,  T  bb  is  the  reference  blackbody  temper¬ 
ature  and  Tq;s,B  is  the  characteristic  temperature  we  are  interested  in  measuring.  Thus,  when 
f’GAS  =  PB' 


(x  =  d  )  (Tbb) 
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which  is  (iefined  as  reversal  condition,  and  T^p  at  this  point  is  called  the  reversal 
temperature.  As  By{Tpp)  ==  By^(Tpp)  =  const,  over  all  the  observation  bandwidth  Au,  the 
integration  of  equation  (1)  over  Au  yields; 


Tyg(d)Av  =  +  By^iTppXAv-Sv) 


(3) 


where  6^  =  (l-exp(ay<3))  dv 


{4  ) 


Trying  to  find  the  hlackbody  temperature  that  verifies  Eq .  (2),  we  will  be  limited  by  the 

resolution  of  the  system,  and  measure  in  fact 


ly^idi-Av  =  By^(Tpp)Av(l±Y) 


(5) 


where  y  is  the  resolution  of  the  detection  system.  Thus,  in  this  situation  Tpp  *  .  Let 
us  define  AT  =  'T  bb“'^GAS  •  As  y  <  <  1  we  can  expand  as  function  of  By(Tpp),  Replac¬ 
ing  (3)  in  (5),  expressing  Py(TQ;^p)  as  function  of  By(Tpp),  and  after  some  rearrangement  we 
obt  a i n 


-il  =  (ELfiB)  (1-exp  (-hv^/KTpp)(£:ii)-Y  (6) 

"T  BB  hv^ 

0 


which  defines  the  relative  error  of  the  measurement. 
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SURFACE  DISCHARGE  PREIONIZED  COj  LASER  DEVELOPMENT  * 

M.  John  Yoder,  Raymond  B.  Schaefer.  James  O'Brien,  and  James  Connolly 
W.J.  Schafer  Associates,  321  Billerica  Road 
Chelmsford,  MA  01824-4191 

Abstract 

A  novel  technique  using  a  surface  discharge  preionizer  and  dielectric  discharge  plasma 
electrode  was  used  to  excite  a  pulsed  CO^  gas  laser.  In  this  approach,  a  plasma  electrode 
is  created  by  a  discharge  on  the  surface  of  a  dielectric  substrate.  The  plasma  electrode 
serves  both  as  the  UV  preionization  source  and  the  conductive  electrode.  This  paper  pre¬ 
sents  experimental  results  of  a  program  to  demonstrate  high  energy  loading  and  high  energy 
extraction  from  this  type  of  electrical  discharge  in  CO^  gas  mixtures.  The  results  demon¬ 
strate  an  input  energy  loading  in  a  discharge  volume  of  7cm  x  7cm  x  86cra  (4  liters)  of 
approximately  200  J/L/atm,  an  output  laser  energy  extraction  of  47  J/L/atm,  and  an  electri¬ 
cal  efficiency  of  25%  at  0.5  atmosphere  gas  pressure.  Discharge  times  from  one  microsecond 
to  25  microseconds  were  obtained.  The  voltage  and  current  characteristics  indicate  that 
this  is  a  non-self-sustained  electrical  discharge.  This  surface  discharge  approach  elimi¬ 
nates  the  need  for  a  separate  preionization  source  and  specially  contoured  oversize  elec¬ 
trodes.  Much  simpler,  more  reliable  and  more  compact  repetitively  pulsed  lasers  for  com¬ 
mercial  and  military  applications  can  be  constructed  using  this  technique  when  compared  to 
el ec t ron - beam- s u s t a i ned  or  conventional  U.V.  preionized  lasers. 

Introduct ion 


Large  volume,  near-atmospheric  pressure  discharges  in  gases  are  difficult  to  obtain. 
Due  to  the  electrical  nonconductivity  of  the  gas,  initial  electrons  must  be  generated  for 
current  conduction.  During  the  discharge  the  free  conduction  electrons  are  lost  due  to 
electron  attachment  and  recombination  and  must  be  replaced  to  "sustain"  the  discharge.  In 
sel f - sustai ned  discharges  electrons  in  the  high  velocity  "tail"  of  the  Maxwellian  drift 
velocity  distribution  generate  new  electrons  by  collisions  with  neutral  atoms  or  molecules. 
Unfortunately  this  mechanism  of  electron  production  is  inherently  unstable.  Statistical 
fluctuations  in  electron  production  lead  to  higher  than  average  electron  density  in  certain 
small  volumes.  These  higher  electron  density  regions  subsequently  generate  even  higher 
electron  concentrations,  which  lead  to  high  localized  regions  of  conduction  and  constric¬ 
tion  of  the  volumetric  discharge  into  an  arc. 

An  example  of  pulsed  self-sustained  discharge  is  the  U.V.  pre ionized  discharge  shown 
schematically  in  Figure  lat^l  The  source  of  the  initial  electron  distribution  is  a  spark 


Figure  1.  (a)  Typical  U.V.  preionized  laser.  (b)  Typical  voltage  and  current 
waveforms.  Approximate  electron  densities  are  also  shown.  (See 
Reference  1 ) . 


♦Sponsored  by  Defense  Advanced  Research  Projects  Agency  Contract  No.  DAAHOI -86-C- 1073  and 
WJSA  internal  research  and  development  funds. 
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trodes.  Large  optical  cross-section  lasers  have  been  demonstrated  up  to  15cm  x  15cm.  and 
large  volume  devices  up  to  15cm  x  15cm  x  80cra  (18  liters)  have  been  surface  discharge 
pumped.  Energy  loadings  in  the  range  of  200  to  350  joules  per  liter  atmosphere  have  been 
obtained  with  high  energy  extraction  values  of  30  to  48  joules  per  liter  atmosphere  and  15% 
to  25%  electrical  efficiency.  The  present  research  has  reproduced  many  of  these  previous 
results  and  has  extended  the  discharge  times  to  long  pulse  lengths. 

There  are  a  number  of  issues  that  have  not  been  addressed  in  this  or  previous  research. 
The  optimum  operating  parameter  space  in  terms  of  pressure,  gas  mixture,  discharge  parame¬ 
ters,  etc.  have  not  been  mapped.  The  quality  of  the  laser  in  terms  of  gain  uniformity, 
density  uniformity  or  farfield  beam  quality  has  not  been  documented.  Long  lifetime  elec¬ 
trode  performance  in  excess  of  10^  shots  has  not  yet  been  demonstrated.  Candidate  dielec¬ 
tric  substrates  such  as  Teflon,  G-10,  glass,  quartz,  ceramic,  etc.  have  been  used  but  not 
fully  characterized.  The  basic  discharge  physics  of  this  technology  is  not  yet  well  under¬ 
stood.  Finally,  to  these  authors  knowledge,  no  closed  cycle,  repetitively  pulsed  devices 
nave  been  constructed. 


Summary  and  Conclusions 

Surface  discharges  have  been  shown  to  be  efficient  ionization  sources  due  to  their  close 
proximity  to  the  laser  gas,  high  ultraviolet  intensity,  and  the  substi  te  induced  spectral 
enhancement.  Very  high  electron  densities  of  about  10>>  electrons  per  cubic  centimeter 
were  generated  in  the  gas.  Very  long  discharge  pulse  times  in  excess  of  20  microseconds 
were  demonstrated.  These  are  very  stable  discharges  for  long  pulse  or  large  volume  pumping 
at  near  -  a t mo s pher i c  pressure.  High  input  energy  density  loading  has  been  demonstrated  as 
well  as  high  output  energy  extraction  and  electrical  efficiency.  Output  energy  extraction 
with  this  relatively  simple  system  is  comparable  with  values  obtained  only  with  large 
electron-beam-sustained  lasers  or  very  carefully  designed  and  aligned  U.V.  pre ionized 
1 asers .  <  ^ ^  1 


One  of  the  most  important  attributes  of  this  surface  discharge  technology  is  the  sim¬ 
plicity  and  compactness  of  the  electrodes.  Long  pulse  or  large  volume  sel f - sustai ned  oper¬ 
ation  using  either  U.V.  spark,  x-ray,  or  electron  beam  pre i on i z a t i on  requires  very  careful 
design  of  the  electrode  profiles  to  eliminate  discharge  instabilities.  These  designs 
result  in  long  electrode  fall-off  contours  that  must  be  at  least  the  width  of  the  discharge 
region  on  both  sides  of  the  electrode.  The  alignment  of  the  electrodes  must  be  very  pre¬ 
cise  and  must  be  maintainable  in  non  - 1  aboratory  systems.  By  contrast  there  are  no  such 
requirements  for  surface  discharge  plasma  electrodes.  No  electrode  profile  fall-off 
regions  are  necessary  and  alignment  requirements  are  not  severe.  Packaging  this  technology 
in  a  repetitively  pulsed  fieloable  or  marketable  device  should  be  much  easier  and  compact 
than  with  conventional  spark  array,  x-ray  or  electron  beam  preionized  lasers  or  electron- 
beam-  sust  a  i  ned  lasers.  Potential  applications  include  long  range  laser  ranging  or  wave¬ 
length  conversion.  Surface  discharge  lasers  may  also  be  useful  for  coherent  CO^  laser 
radar  applications  since  long  pulses  are  required  for  good  velocity  discrimination. 
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GAS  MIX  10:5:2:He:N2:C02 
GAS  PRESSURE  0.5  ATM 


Figure  10.  Irput  voltage,  input  current  and  output  power  waveforms  fo*"  long 
pulse  discharges. 

follow  the  input  current  waveform  profile.  The  measured  output  energy  for  these  traces  was 
about  60  joules,  thus  achieving  an  energy  extraction  of  about  27  joules  per  liter  atmo¬ 
sphere.  (Note:  the  entire  discharge  aperture  of  the  laser  was  larger  than  the  optics  so  a 
small  correction  factor  was  applied).  The  small  signal  gain  was  not  measured  but  is  cal¬ 
culated  to  be  about  2.5%  per  centimeter.  The  operating  voltage  of  the  discharge  divided  by 
the  gas  density  (particles  per  cubic  centimeter),  or  E/N,  is  measured  to  be  approximately 
2x10-'®  which  is  significantly  lower  than  the  expected  "glow  voltage"  of  about  3x]0‘'®. 

Contrary  to  expectations,  U.V.  preionized  discharges  using  the  plasma  electrode  do  not 
behave  like  self  sustained  discharges.  There  are  several  notable  differences;  (1)  there 
is  no  overvoltage  spike;  (2)  the  current  rise  is  slow;  (3)  the  operating  E/N  is  lower  than 
the  glow  voltage;  (4)  the  electrode  profiles  and  alignment  are  not  critical.  The  lack  of 
an  overvoltage  spike  could  be  explained  by  the  fact  that  surface  discharges  radiate  much 
more  ultraviolet  radiation  than  spark  arrays,  thus  directly  generating  electron  densities 
in  the  range  of  10'*  to  10'^,  but  the  other  differences  are  not  easy  to  explain. 

Two  possible  explanations  for  this  discharge  imply  that  it  is  a  non - sel f - su s t a i ned  dis¬ 
charge.  Hypothesis  =1:  The  discharge  may  be  photon - sus t a i ned  in  direct  analogy  to  the 
el ectron-beam- sustai ned  discharge.  In  this  case  the  intense  ultraviolet  glow  of  the  sur¬ 
face  plasma  generates  electrons  via  pho to i on i za t i on  until  the  electron  production  rate 
equals  the  loss  rate  due  to  attachment  and  recombination.  This  hypothesis  is  consistent 
with  all  of  the  above  four  observations.  Hypothesis  =2;  An  electron  cloud  is  created  at 
the  cathode,  and  the  electron  lifetime  is  long  enough  that  when  the  anode  to  cathode  accel¬ 
eration  voltage  is  applied,  a  significant  number  of  electrons  reach  the  anode  ° >  Since 
the  electron  mean  lifetime  is  approximately  4  microseconds  for  this  mixture  and  gas  pres¬ 
sure,!'')  and  the  mean  electron  velocity  at  these  applied  voltages  is  about  5x10®  centime¬ 
ters  per  second,!*'’)  then  the  mean  electron  drift  distance  is  calculated  to  be  approxi¬ 
mately  20  centimeters.  The  anticipated  initial  current  rise  time  in  this  hypothesis  is 
approximately  2  microseconds  due  to  the  finite  velocity  of  the  initially  generated  electron 
cloud.  This  hypothesis  is  also  consistent  with  all  four  of  the  above  of  observations. 
Further  experiments  and/or  calculations  are  required  to  discriminate  between  these  two 
hypotheses  and  definitively  explain  the  discharge. 

Previous  and  Future  Surface  Discharge  Laser  Research 

Extensive  CO^  research  using  this  technology  has  been  carried  out  in  the  Soviet  Union 
since  about  1975  and  a  large  number  of  research  papers  have  been  published.!'^  ■' )  Surface 
discharges  are  also  applicable  to  pumping  excimers  and  photodissociation  lasers.!'®  ^ ' ) 
Surface  discharges  have  been  used  both  as  preionization  sources  as  well  as  plasma  elec- 
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Figure  7.  Electrical  circuit  for  surface  discharge  laser  using  plasma 
electrodes.  C,=  .SfiFd,  C,=  .137;<Fd,  R,  =  IKR,  =  IKfi, 

Si  =  Sj  =  Modified  Maxwell  Air  Gaps 


calculation.  No  gas  mixture  or  discharge  optimization  variations  were  carried  out.  The 
operating  pressure  was  limited  by  the  available  capacitors,  switches,  and  voltage  supplies. 
Higher  pressure  operation  should  be  possible. 

Long  pulse  operation  was  demonstrated  using  a  1.5  microfarad  three  section  pulse  forming 
network  (PFN).  In  this  case  the  discharge  cavity  was  7cra  x  8cm  x  86cm  (4.8  liters)  and 
operated  at  0.5  atmosphere  pressure  with  a  10 : 5 : 2 : : He : : CO^  mixture  plus  TPA.  The  pres¬ 
sure  was  again  limited  by  the  available  capacitors,  switches,  and  power  supplies.  Voltage, 
current,  and  output  power  traces  are  shown  in  Figure  10.  The  pulse  width  was  about  25 
microseconds  at  the  half  power  points  and  was  limited  by  the  available  PFN.  The  voltage 
measured  directly  at  the  electrodes  rises  rapidly  and  then  remains  high.  There  is  no  volt¬ 
age  overshoot.  The  current  rise  and  fall  are  gradual.  These  rise  and  fall  times  are  not 
determined  by  circuit  inductive  effects  but  rather  by  the  discharge  characteristics  and  the 
waveform  of  the  applied  voltage.  The  photon  drag  detector  trace  shows  the  output  power  to 


A  single  pulse  laser  employing  a  surface  discharge  electrode  and  a  conventional  con¬ 
toured  brass  electrode  was  set  up  (similar  to  Figure  4b).  The  dielectric  electrode  was 
made  by  chemically  etching  copper-clad  fiberglass  circuit  board  to  form  a  surface  discharge 
of  area  approximately  7cm  by  107cm.  This  extremely  compact  and  simple  to  fabricate  elec¬ 
trode  and  the  rest  of  the  laser  are  shown  in  Figure  5.  An  outer  plexiglass  box  is  used  to 
enclose  the  electrodes  and  the  laser  gas.  The  facing  brass  electrode  is  107cm  x  19cm  in 
area,  with  an  elliptical  contour  (quasi -Rogowski ) .  It  had  a  flat  discharge  area  of  86cm  x 
8.3cm.  A  diagram  of  the  discharge  electrodes  and  discharge  volume  is  shown  in  Figure  6. 

The  basic  configuration  of  the  electrical  circuit  is  shown  in  Figure  7.  The  surface 
discharge  capacitor  (0.137  microfarads)  was  charged  typically  to  35  kV  and  had  an  energy  of 
84  joules.  Voltage  traces  showed  surface  discharge  pulse  lengths  of  approximately  0.7 
microseconds.  The  presence  of  COj  in  the  gas  mixture  causes  the  surface  discharge  to  break 
up  into  closely  spaced  streamers  at  0.5  atmosphere  pressure.  The  uniformity  of  the  laser 
preionization,  however,  is  still  better  than  that  obtained  with  discrete  sparks. 

The  main  discharge  capacitor  was  0.5  microfarads  and  was  charged  typically  to  35  kV  for 
a  stored  energy  of  310  joules  for  the  short  pulse  tests.  Voltage  and  current  traces  were 
obtained  from  a  Tektronics  Model  P6015  voltage  probe  and  a  Pearson  Model  110  current  coil. 
An  Analogic  Data  Precision  Model  6000  multichannel  analyzer  was  used  to  collect  and  process 
the  experimental  results.  Key  features  of  this  discharge  shown  in  Figure  8  are  the  absence 
of  an  overvoltage  spike  and  the  gradual  rise  of  the  current  waveform.  The  integrated  input 
power  (energy)  was  about  280  joules  and  the  measured  output  energy  (using  a  Scientech  Model 
364  energy  meter)  was  70  joules.  The  gas  pressure  was  375  Torr  and  the  gas  mixture  was 
5 : 5 : 1  :  :  He :  Nj  :  CO2  and  contained  a  trace  amount  of  TPA.  Thus  for  this  5cm  x  7cm  x  86cm  (3 
liters)  discharge,  the  input  energy  loading  was  about  190  joules  per  liter  atmosphere  and 
the  laser  efficiency  was  25%.  The  output  energy  extraction  was  about  48  joules  per  liter 
atmosphere.  Computer  code  calculations  based  on  the  measured  input  parameters  exactly  pre¬ 
dict  the  measured  output  energy.  The  output  laser  waveform  was  monitored  using  an 
Edinburgh  Instrument  Model  PDM-2  photon  drag  detector.  A  typical  output  waveform  is  shown 
in  Figure  9.  The  shape  of  the  output  flux  waveform  also  agrees  well  with  the  computer  code 


Figure  5 


Single  pulse  laser  configuration  showing  the  surface  discharge 
assembl y  . 


Figure  3.  Schematic  diagram  of  a  surface  discharge  and  the  associated 
electronics  circuit. 


dielectric  toward  the  anode.  The  surface  discharge  forms  at  relatively  low  voltages  com¬ 
pared  to  the  breakdown  voltage  for  the  anode  to  cathode  gap  spacing  due  to  the  capacitance 
between  the  electrode  and  the  back-plate.  Because  of  surface  vaporization  the  conductivity 
of  the  plasma  is  largest  near  the  surface  so  the  discharge  remains  confined  to  this  region. 
The  radiation  spectrum  contains  a  strong  continuum  in  addition  to  bright  spectral  lines 
characteristic  of  the  substrate  material.  In  particular,  use  of  silicon  containing 
dielectric  materials  matches  the  U.V.  photoionization  absorption  spectrum  of  CO^  and  easily 
ionizable  additive  gases  such  as  tri -n-propylamine  (TPA).  The  radiation  intensity  of  the 
surface  discharge  depends  on  several  variables  including  the  electric  circuit,  gas 
composition  and  pressure,  substrate  and  electrode  materials  and  geometric  arrangement.  The 
radiation  intensity  can  be  made  very  high  and  can  be  characterized  by  the  U.V.  radiation 
intensity  in  the  spectral  region  of  IBOnm  to  300nm  as  being  equivalent  to  blackbody 
radiation  at  a  temperature  of  50,000K  or  more.  The  electron  number  density  in  the  surface 
plasma  approaches  that  of  the  background  gas  and  is  typically  10'*  to  10*®  electrons  per 
cubic  centimeter. 


Experimental  Design  and  Results 


In  analogy  with  U.V.  preionized  lasers  the  surface  discharge  can  be  used  in  any  of  sev¬ 
eral  configurations  shown  in  Figure  4.  The  most  obvious  is  that  of  Figure  4a  which  simply 
replaces  the  spark  array  by  a  surface  discharge.  More  novel  configurations  are  shown  in 
Figure  4b  and  4c  in  which  the  surface  discharge  serves  not  only  as  a  preionization  source, 
but  also  becomes  the  conductive  (plasma)  electrode. 

CONVENTIONAL  APPROACH  PLASMA  ELECTRODE  APPROACH 


(a) 


Figure  4.  Alternative  discharge 

configurations  for  surface 
discharge  preionized  and 
pumped  lasers. 
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array  located,  in  this  case,  behind  the  anode.  This  spark  array  generates  an  electron  con¬ 
centration  of  about  10'  to  10®  electrons  per  cubic  centimeter  by  photoionization  of  the 
gas.  A  high  voltage  is  subsequently  applied  from  a  capacitor  bank  through  a  high  voltage 
switch  such  as  a  spark  gap  or  a  thyratron.  The  optimum  high  voltage  pulse  waveform  shown 
in  Figure  lb  has  a  short  duration  "spike"  which  is  1.5  to  2  times  higher  than  the  equilib¬ 
rium  "glow  voltage"  steady  state.  During  this  overvoltage  spike  the  electron  density  ava¬ 
lanches  a  factor  of  10®  to  10^  to  an  equilibrium  value  of  10'®  to  10'®  electrons  per  cubic 
centimeter.  During  the  steady  state,  electron  production  just  balances  electron  losses. 
These  devices  work  well  but  due  to  the  inherent  instability  of  this  type  of  discharge, 
oversized,  carefully  contoured  and  well  aligned  electrodes  are  required  to  provide  very 
uniform  electric  fields.  Electrode  widths  are  typically  three  times  the  discharge  width. 
Arcs  will  still  form  but  at  longer  and  longer  times  (depending  on  the  uniformity  of  the 
electric  fields,  ionization,  and  the  gas  density).  In  any  given  device  the  discharge  is 
terminated  before  the  arcs  have  a  chance  to  form.  The  discharge  characteristics  of  note 
are  the  initial  overvoltage  spike,  the  rapid  increase  in  electron  density  during  the  spike, 
the  rapid  rise  of  current  and  the  equilibrium  "glow  voltage"  characteristic  of  each  gas 
mixture  and  pressure. 

Other  types  of  preionization  involving  x-rays,  electron  beam  injection,  and  U.V.  surface 
discharge  arrays  are  possible.  In  all  of  these  cases  the  initial  electron  density  is 
higher  than  with  spark  arrays  so  electron  density  avalanching  requirements  are  not  as 
severe . 


It  is  also  possible  to  sustain  the  electron  distribution  by  using  an  external  source. 
This  type  of  discharge  is  called  an  externally  sustained  or  non - sel f - sus t a i ned  electric 
discharge.  An  example  is  that  of  the  electron-beara-sustained  discharge  shown  in  Figure 
2a(®).  In  this  case  a  broad  area  beam  of  electrons  is  obtained  from  a  high  voltage  elec¬ 
tron  gun.  The  electrons  are  accelerated  from  the  cathode  through  a  vacuum  and  penetrate  a 
thin  foil  into  the  discharge  volume.  These  (primary)  electrons  generate  a  larger  number  of 
secondary  electrons  in  the  gas  which  are  accelerated  by  a  set  of  discharge  electrodes  at  a 
much  lower  voltage.  This  second  discharge  col  1 i s i onal 1 y  excites  the  gas  internal  energy 
levels  and  heats  the  gas.  The  electron  production  mechanism  is  thus  decoupled  from  the 
laser  pumping  mechanism  and  the  resulting  discharge  is  inherently  very  stable.  Typical 
current  waveforms  are  shown  in  Figure  2b.  A  constant  voltage  is  applied  to  the  gas  from  a 
capacitor.  The  square  wave  pulsed  primary  electron  current  from  the  electron  beam  results 
in  a  GRADUAL  rise  in  the  secondary  electron  current  until  the  loss  rate  (which  depends  pri¬ 
marily  on  the  instantaneous  electron  concentration)  equals  the  secondary  electron  produc¬ 
tion  rate.  Electron  conduction  occurs  at  any  voltage  and  usually  is  maintained  lower  than 
the  glow  voltage  of  the  gas  to  prevent  arcing.  The  primary  disadvantage  of  this  type  of 
externally  sustained  discharge  is  the  large,  complex,  high  vacuum,  delicate  and  marginally 
reliable  broad  area  electron  guns  that  are  required. 


Surface  Discharges 


Very  high  intensity  d i scharges < ® ' ® •  can  be  obtained  on  the  surface  of  dielectric  materi¬ 
als  by  the  circuit  shown  schematically  in  Figure  3.  Two  conductive  electrodes  are  placed 
on  a  thin  dielectric  surface  in  contact  with  a  conductive  "backplate".  A  voltage  of  sever¬ 
al  tens  of  kilovolts  is  applied  through  a  switch  from  an  external  capacitor.  Due  to  the 
capacitance  between  the  cathode  and  the  back-plate  (at  anode  potential)  a  discharge  occurs 
in  the  form  of  a  diffuse  series  of  streamers  which  propagate  along  the  surface  of  the 


FLO« 

WALLS 


(h) 


Figure  2.  (a)  Electron  beam  sustained  laser.  (b)  Typical  electron  current 

and  main  discharge  current  traces.  The  applied  sustainer  voltage 
i s  constant . 
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Abstract 


In  this  communication  we  report  the  results  of  the  first  tunable  TEA  CO2  laser  using  Self- 
Filtering  Unstable  Resonator  (SFUR). 

By  this  technique  we  obtained  tunability  over  64  lines,  single  transverse  and  longitudinal 
mode  operation  and  diffraction  limited  divergence. 

Introduction 


Active  remote  sensing  of  the  environment  requires  efficient  laser  sources  with  high  pulse 
energies,  wavelength  tunability,  short  pulse-lengths,  low  divergence  beams,  single  transverse 
and  longitudinal  mode  patterns,  mechanical  stability. 

To  attain  these  aims,  we  developed  a  new  design  of  a  TEA  CO2  laser 1  to  be  used  as  a  LIDAR 
transmitter  in  the  infrared  spectral  region. 


The  laser  cavity  is  a  Self  Filtering  Unstable  Resonator  (SFUR)2,3  which  provides  transverse 
mode  selection,  good  far  field  brightness  and  efficient  energy  extraction.  This  source  has 
also  been  made  line  tunable  over  a  broad  emission  spectrum,  for  exploiting  multi-gas 
detection  capability  in  the  ENEA  IR  DIAL  (Differential  Absorption  Lidar)  system. 


In  this  paper  we  present  the  operating  principle  of  the  laser  resonator  and  the 
experimental  results,  together  with  numerical  laser  fields  computations. 


Operating  Principle 

The  SFUR  is  a  negative  branch  confocal  unstable  resonator  with  a  field  limiting  aperture 
of  radius  "a"  placed  at  the  common  focal  plane  of  mirrors  Mi  and  M2  (fig.  la). 

To  understand  the  cavity  behaviour  let's  consider  a  plane  wave  proceeding  from  the  right 
toward  Mp:  it  is  at  first  diffracted  in  passing  through  the  aperture,  then  reflected  on 
mirror  Mi  and  shaped  in  a  Airy  pattern  with  its  first  zero  at  ro  =  V ( 0 . 6 1  •  f  1  •  A ) .  If  we 
choose  a  =  ro  only  the  Airy  disk  is  allowed  to  pass  beyond  the  aperture. 


Reflection  on  mirror  M2  magnifies  the  field  which  is  partly  extracted  by  Mp  and  partly 
transmitted  through  the  aperture,  starting  a  new  roundtrip  cycle. 
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4» 


^2 


.1  The  tunable  SFUR  TEA 
CO2  laser:  a)basic  de¬ 
sign,  b ) lens-grat i ng 
assembly  replacing  end 
mirror  M^,  c)low  pres¬ 
sure  cw  CO2  cell  in¬ 
serted  for  longitu¬ 
dinal  modes 
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Laser  Design 


The  optical  elements  forming  our  cavity  are  actually: 

1)  Mi:  a  fully  reflecting  copper  mirror  with  a  focal  length  fi  =  62.5  cm,  PZT  controlled; 

2)  Mp:  a  flat  copper  mirror,  placed  at  the  cavity  confocal  point,  with  a  central  aperture 

radius  a  =  2  mm,  which  selects  the  lowest  order  transverse  mode  for  X=10.6  pm,  and 
is  also  the  output  coupler; 

3)  M2:  a  ZnSe  lens  plus  plane  grating  (150  grooves/mm)  assembly  (fig  l.b).  The  lens  focal 

length  (f  =  500  cm)  reproduces  the  confocal  condition,  at  the  location  of  Mp,  with  a 

total  cavity  length  L  =  312.5  cm.  Rotation  of  the  grating  allows  for  line  selection. 

Experimental  Results 

Our  tunable  SFUR  configuration  provides  high  energy  extraction  efficiency  over  64  lines  on 
branches  P  and  R  both  at  9  and  10  pm  (fig.  2),  the  maximum  output  energy  being  E  =  3.8  J  for 
the  10P20  line.  The  pulse  length  for  all  the  lines  is  around  80  ns. 

The  beam  divergence  has  been  evaluated  by  reconstructing  the  beam  profile  in  the  focal 
plane  of  a  lens  (f  =  10.7  m)  placed  close  to  the  extraction  mirror:  we  measured  the  energy 
transmitted  by  a  1  mm  diameter  pinhole,  scanning  across  the  beam,  and  fitted  the  experimental 
points  with  an  Airy  curve,  as  shown  in  fig. 3: 


A(r)  =  C,  • 

J](y) 

2 

r-C, 
y  -  ^ 

1 

y 

C3 

(1) 


where  Ji(y)  is  the  Bessel  function  of  the  first  kind  of  order  unit  and  Ci,  C2,  C3  are  best 
fitted  by  the  computer  routine  to  the  experimental  data.  The  l/e^  Airy  radius  turned  out  to 
be  Wf  =  5.3  mm  leading  to  a  far  field  divergence  half  angle  0®=  wf/f  =  0.5  mrad.  We  also 
measured  the  beam  profile  at  various  distances  downstream  of  the  extraction  mirror  Mp, 
finding  best  fit  values  wq  =  6.4  mm  a  zq  =  6.7  m  for  the  waist  and  its  distance  from  Mp, 
respectively . 


Numerical  Simulation 


Experimental  results  have  been  checked  by  a  numerical  procedure  which  computes  the  field 
amplitude  and  phase  inside  and  outside  the  cavity,  by  solving  the  Fresnel  diffraction 
integral^ . 

In  the  following,  we  shall  consider  complex  field  amplitudes  Ui(r,(}>)  (i  =  1,  8)  before  and 
after  each  cavity  element,  where  r  and  (J)  are  polar  coordinates  in  the  plane  normal  to  the 


10P  10R  9P  9R 

Fig.  2  Line  emission  spectrum  of  the  SFtJR  laser. 
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Fig.  4  Lens  equivalent  circuit  of  the  SPUR  Resonator. 


propagation  axis.  Referring  to  fig.  4  (which  is  optically  equivalent  to  fig  l.a),  a  complete 
radiation  roundtrip  can  be  disassembled  in  the  following  steps; 

a)  truncation  of  the  incoming  field  Uq  by  the  aperture: 


Ui(r,<{))  = 


f 

0 

V 


for  r  <  a 


for  r  ^  a 


(2) 


b)  propagation  through  a  drift  space  d  =  fi  (Fresnel  integral): 


C, (r  4)) 


=  [  r'dr'.J 

Jo 


(krr'/d)  Uj(r’,(t))e 


k  (r  +r  i/2d 
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where  n  is  the  mode  index; 

c)  phase  shifting  by  cavity  mirror  Mi  with  focal  length  fi: 


(4) 


-ini'/lf 

Lyr.4i)  =  L^r.ifije 

d)  propagation  through  d  =  Ei,  which  completes  the  half  roundtrip: 

fa  .  2  *2 

r'dr'J  (krr'/d)  U„(r',(})) e'^ 

0  "  3 

An  identical  sequence  can  then  be  written  with  fa  instead  of  fi,  leading  to  complex  ampli¬ 
tudes  from  Us  up  to  Us* 

Starting  with  a  plane  wave,  iteration  of  equations  (2),  (3),  ...  etc.  leads,  after  few 

roundtripsS,  to  the  fundamen*-al  stationary  solutions.  Actually,  the  numerical  calculation  is 
stopped  when 


max 
over  r,4) 


Ug(r,(J))  -  Uy(r,4))  ■  r  j 

-  I  <  £ 


where  £  is  a  preassigned  precision  limit  and  the  eigenvalue  P  is  computed  as  the  mean  value 
of  IUs/UqI  over  r  and  $. 


The  eigenvalue  integral  equation  arising  from  the  above  equations  can  be  also  written  as 


f  (6) 

rUg(r,<t))=  Up(r',<J)')  ■  K(r,$,r',(ti‘)dr'd<])' 

where  K ( r r ' ,4> ' )  is  a  suitable  cavity  kernel^.  Use  of  equations  (2)  to  (5)  instead  of  (6) 
allows  for  field  computation  in  arbitrary  points  along  the  resonator:  moreover,  we  have  a 
large  flexibility  in  changing  cavity  parameters  such  as  focal  lengths,  drift  distances, their 
ratio,  total  cavity  length,  pinhole  dimension. 

Solutions  involving  higher  order  modes  can  be  found  by  subtracting  the  previously 
calculated  modes  from  the  initial  plane  wave. 

The  output  beam  field  distribution  is  obtained  by  propagating  the  complex  amplitude  Us, 
after  extraction  by  mirror  Mp,  for  an  arbitrary  drift  "d",  by  means  of  integral  (3).  Figure  5 
gives  a  sketch  of  beam  profiles,  computed  at  various  distances  from  Mp,  from  which  we 
extracted  some  of  the  l/e2  half  widths  plotted  in  fig,  6  together  with  the  fitting  function: 


Fig.  5  Computed  normalized  beam  intensity  profiles  at  various  distances  from  the  extraction 
plane . 
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Fig.  6  1/e^  half  widths  as  derived  from  computed  intensity  profiles  (•)  together  with  fitting 
function  ( 7 ) . 


(z-Zq) 
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Best  fit  values  for  the  waist  and  its  distance  from  Mp  turned  out  to  be  wq  =  6.9  mm  and  zo 
=  8  m,  respectively,  in  good  agreement  with  experimental  measuraments .  Minor  features  of 
actual  beam  shapes  can  possibly  be  traceable  to  the  active  medium,  whose  non  linear  gain 
effect  is  going  to  be  incorporated  in  a  further  version  of  our  code. 


Single  Mode  Operation 


Single  longitudinal  mode  emission  is  required  for  heterodyne  LIDAR  detection.  We  achieved 
mode  locking  by  inserting  a  low  pressure  (10  torr)  CO2  CW  section  in  the  short  arm  of  the 
resonator  as  shown  in  fig.  Ic,  and  are  at  present  improving  the  long  term  stability  of  this 
technique . 


Conclusions 


This  new  laser  cavity  design  will  extend  the  multi-gas  detection  capability  of  our  IR 
LIDAR/DIAL  apparatus,  providing  a  diffraction  limited  lowest  order  TEMqo  mode  beam  tunable 
over  more  than  60  lines.  Single  longitudinal  mode  locked  pulses  are  also  available  for 
optical  heterodyne  detection  of  LIDAR  echoes. 
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Abstrpct 


A  smpll  signpl  gpin  hps  been  investigated  of  volume  self-susteined  diecherge  COp-lPsers 
v/ith  the  input  energy  density  of  up  to  700  J/l.ptm.  It  hps  been  found  thpt  the  volume 
self-sustpined  dischprge  initiption  by  mepns  of  p  low-current  electron  berm  or  prelirainpry 
dischprge  gpp  filling  with  electrons  in  the  regime  of  p  pulled  voltpge  front  provides  p 
more  homogeneous  pumping  of  the  active  medium  then  the  UV  preionlred  TEA  dischprge.  The 
8.2  m""'  gpin  hps  been  pchieved  in  p  He-free  mixture. 

Int roductlon 


Smsll  signpl  gpin  is  one  of  the  bpsic  pprameters  of  p  C02-lpser  pctive  medium.  It  shows 
the  maximum  radiation  energy  which  may  be  extracted  from  the  unit  active  volume.  Therefo¬ 
re,  if  p  suppression  technique  for  parasitic  oacillation  is  established,  high  gain  media 
are  favourable  for  efficient  energy  extraction  by  saturated  amplification.  Moreover,  small 
signal  gain  is  the  nonlinear  function  of  the  input  electrical  density  (W ) ,  and  the  upper 
limit  of  this  value  shows  the  volume  discharge  homogeneity  for  the  mixture  under  conside¬ 
ration. 

It  is  well  knovm  that  the  upper  limit  of  small  signal  gain  is  about  12  m~  for  the  ele¬ 
ctron  beam  controlled  discharge,  v’hereas  this  value  does  not  exceed  5  m""*  for  the  volume 
self-sustained  discharge  (VSD)  devices  /I/.  This  drastic  difference  of  the  gain  upper  li¬ 
mits  for  two  types  of  discharges  is  usually  accounted  for  by  a  high  E/P  ratio  (E  -  elect¬ 
ric  field,  P  -  total  gas  pressure)  reguired  for  VSD  formation  ans  support.  This  value  is 
higher  than  that  required  for  the  optimum  pumping  of  the  CO2  and  N2  molecules  into  the  ex¬ 
cited  vibrational  states. 

Addition  of  properly  chosen  low-ionised  org;anic  substances  (with  ioni'^ation  potential 
less  than  7.6  eV)  to  the  laser  mixture  allows  to  reduce  significantly  E/P  operational  va¬ 
lue  in  the  self-sustained  discharge  and  simultaneously  increase  small  signal  gain  and  to¬ 
tal  duration  of  the  stable  VSD  /2-6/. 

Investigations  of  the  small  signal  gain  upper  limit  for  the  doped  self-sustained 
disch-'rge  are  of  great  interest,  and  experimental  study  of  this  parameter  is  the  subject 
of  this  report .  It  is  useful  to  measure  the  maximum  gain  for  typical  large  volume  amplifi¬ 
er  conditions  -  at  the  pumping  pulse  duration  more  than  1  /us .  The  most  serious  problem  in 
this  case  is  to  provide  stable  discharge  forsnation  with  high  homogeneity  of  the  active 
medium  at  the  pumping  energy  density  of  about  700  J/l.atm. 

VSD  formation  methods 


In  systems  with  UV-,  radioisotopic  and  X-ray  preioniaation  one  of  the  main  reasons 
v/hich  make  worse  the  medium  homogeneity  and  limit  the  duration  of  the  discharge  volume 
stage  is  the  formation  of  uncompleted  channels  near  the  cathode  rone  before  the  beginning 
of  their  svalanche  multiplication  because  of  drift  in  the  voltage  front  /7/.  ’"e  shall  con¬ 
sider  below  the  methods  of  formation  of  VSD  which  make  possible  to  overcome  this  difficul¬ 
ty. 

In  COp-lasers  with  UV-preioniration  from  the  side  of  the  cathode  the  cathode  rone  homo¬ 
geneity  becomes  much  better  on  addition  of  low-ionired  substances  into  the  mixture.  It  is 

associated  with  an  increase  in  the  concentration  of  photoplasma  in  the  vicinity  of  the  ca¬ 

thode  and  with  the  emergence  of  mechanisms  distorting  the  electric  field  in  the  discharge 
gap  (due  to  the  photoplasma  polariration)  which  prevent  the  electron  flow  off  from  the 
cathode.  In  our  experiments  we  used  Xe-flash  lamps  as  a  source  of  UV-radia tion .  The  VSD 

was  initiated  in  the  volume  of  lt-20  1  in  the  ordinary  regime  v.'ith  a  short  front  of  voltage 

The  experimental  set  up  is  shown  in  Fig. la  (amplifier  1). 

When  the  VSD  is  formed  by  means  of  a  preliminary  discharge  gap  filling  with  electrons 
in  the  regime  of  a  specially  extended  voltage  front  the  cathode  ’one  prsctically  looses 
no  electrons  /6/.  In  this  case  formation  of  inhomogeneities  associated  with  the  cathode 
structure  becomes  much  less  probable  due  to  reduction  of  the  electric  field  strength  on 
the  cathode  by  the  volume  charge  and  to  the  low  overvoltage  in  tne  gap.  Fig .  1  b  shov/s  the 
scheme  of  the  amplifier  in  which  VSD  is  formed  in  the  way  discussed  above  (amplifier  2, 
volume  2«-12  1).  The  auxiliary  weak-current  volume  discharge  disposed  under  a  mesh  cathode 
initiated  by  a  barrier  discharge  v^as  used  as  a  source  of  electrons  for  filling  the  main 
gpp. 
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Pif.1.  Scheme  of  excitetlon  of  p  volume  self-susteined  discherge: 

P  -  by  pctive  medium  preioni^ption  with  UV  rpdiption, 
b  -  by  preliminary  discherge  gpp  filling  with  electrons, 
c  -  by  preionipption  with  pn  electron  beem; 

1  -  pnode,  2  -  cethode,  3  -  electrodes  for  pn  puxilipry  dischprge,  AD  -  puxili- 
^ry  discharge,  EB  -  electron  bepm. 

The  problem  of  inhomogeneities  in  the  vicinity  of  p  cpthode  is  pIso  solved  due  to  p 
Iprge  initiel  concentrption  of  electrons  (~'10^^cm“3)  pchieved  on  initietion  of  VSD  by  p 
week  current  beem  of  pccelerpted  electrons  /5/.  In  this  cpse  there  is  procticplly  no  over- 
voltpge  in  the  dischf’rge  gpp  end  the  energy  is  introduced  into  the  VSD  plpsmp  pt  the  qup- 
sistptionpry  vplue  of  E/P,  which  is  determined  by  the  gps  composition.  This  method  pIIows 
to  schieve  the  duretion  of  p  steble  VSD  combustion  of  10/us  /5/.  In  our  cpse  the  elec¬ 
tron  bepm  density  in  the  gos  chpmber  wrs  15mA/cm2,  the  active  volume  ~  166  .  The  sche¬ 
me  of  the  set  up  is  shown  in  Pig.1  c  (pmplifier  3). 

Mepsurement  results  end  discussion 
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Most  of  the  experiments  hpve  been  cprried  out  with  the  0.5-0 .7  ptm  totpl  pressure  of 
He-free  mixtures  pt  the  pumping  duretion  of  1-3/us.  Triethylemine  or  tripropylemine  (vpp- 
or  pressure  1  torr)  were  used  ^s  lov/-ioniPed  edditives. 

Smell  signpl  gpin  wps  measured  with  p  chopped  CV.'  CO2  probe  Ipser  bepm  operpting  on 
P(20)  rotptionpl  line  of  10.4/um  bend.  The  dischprge  wps  pssumed  to  be  sufficiently  homo¬ 
geneous  if  the  pverpge  input  pump  energy  for  plpsmp  without  contrpction  exceeded 

600  J/l.ptm.  Doped  ps  well  ps  undoped  mixtures  were  used  in  the  electron-berm  preioniped 
pmplifier. 

For  p11  methodes  of  VSD  formetion  the  mpximum  vplues  of  the  smell  signel  gein  heve  been 
Pchieved  with  e  leser  gPS  mixture  of  C02:N2»1:1.  Pig. 2  shows  the  experimental  dependence 
of  the  pumping  energy  on  the  smell  signel  gein  for  this  mixture  doped  by  tiethylemine  (so¬ 
lid  lines  (1-3)  ere  for  emplifiers  1-3,  respectively).  The  broken  line  (4)  wps  obteined 
under  the  seme  conditions  with  p  usupI  UV-preionieed  double-discherge  leser  with  p  week 
level  of  preioni^ption  (Lemberten-Peerson  type  device  with  en  Pctive  volume  of  1 .8  ) .  It 

is  deer  from  curves  (1-3)  th^t  for  the  studied  pumping  energy  densities  the  sm^ll  signel 
gein  increases  with  increpsing  pumping  energy  end  becomes  s^tureted  et  W~'500«-600  J/l.ptm. 
For  Lpmberton-Peprson  system  the  gein  is  mexiraum  et  W~  400  J/l.etm  end  decreeses  with  the 
further  input  energy  growth.  The  corap'-rison  of  lines  (1-4)  shows  the  edv^nteges  of  the  me¬ 
thods  using  VSD  initietion  by  me^ns  of  electron-beem  end  preliminr'ry  discherge  gpp  filling 
by  electrons  in  the  regime  of  extended  voltpge  front  in  comperison  with  the  widely  used 
UV-dischrrge  preioni'^ption  in  the  regime  of  "  very  shrrp  voltrge  front  . 

The  mpximum  smell  signel  gpin  vplue  of  8.2  m~^  hps  been  obt^'ined  in  the  electron-bepm 
preionieed  device  with  »  doped  mixture.  For  the  undoped  gPs  the  mepsured  gpin  vplue  w^s 
-'7.5  m~"'  with  COprNptHe  «  1:2:3  leser  gps  pressure  of  1  ptm  the  smell  signel  gein  of 
6  hps  been  pchieved  et  W-350  J/l.etm.  The  gein  vplue  does  not  decreese  for  more  then 

20%  Pt  the  increpse  of  totpl  pump  pulse  duretion  from  3/us  to  9/us. 

The  present  detp  shov'  thet  the  usuel  discherge  formetion  witn  week  preioni-'ption  cennot 
provide  plpsinp  homogeneity  end  high  gein.  Applicetion  of  VSD  formetion  methods  discussed 
in  our  ppper  ellow  to  improve  discherge  homogeneity  to  reduce  the  level  of  interelectrode 
gpp  overvoltege  end  optimize  the  regime  of  pump  energy  input  for  VSD  plesm®.  As  p  result 
high  gpin  significently  exceeding  the  vplue  of  5  m”"'  ,  w-hich  wps  supposed  to  be  the  upper 
limit,  hPS  been  pchieved  for  the  doped  ps  well  ps  undoped  mixtures  even  pt  iprge  pump  du- 
rp  t  i  on  . 
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Fig. 2.  Amplification  coefficient  et  vs  specific  energy  contribution  into  the  dis¬ 
charge  . 


Conclusion 


Thus,  it  has  been  demonstrated  in  our  paper  that  with  a  uniform  enough  pumping  of  the 
gas  mixture  the  small  signal  gain  upper  limit  of  VCu  C02-lasers  is  significantly  higher 
than  5m“1  irrespective  of  the  discharge  initiation  method.  The  gain  coefficient  of  a.2m“^ 
close  to  those  achieved  experimentally  in  the  electron-beam  controlled  discharge  lasers 
with  sufficiently  small  active  volumes  /I ,0/  has  been  obtained. 
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Abstract 


The  quantitative  ’.■elopment  ot  the  thei.nal  lens  is  described.  Techniques  for 
obtaining  accurate  values  of  vibra uiona 1 -t ransl a t iona 1  (V-T)  and,  less  obviously, 
vibration-vibration  (V-V)  energy  transfer  rate  constants  are  detailed.  It  is  shov;n  that 
initial,  transient  cooling  of  a  medium  docs  not  require  an  endothermic  energy  transfer  step 
between  upper  levels,  but  may  often  depend  upon  a  fine  kinetic  balance  between  higher  level 
relaxation  and  equilibration  with  the  translational  energy  bath.  In  the  case  of  low 
molecular  weight  gases  such  as  helium  it  is  clear  the  V-V  energy  transfer  can  have  a  lower 
rate  constant  then  V-T  transfer!  These  techniques  are  shown  to  give  similar  results,  in 
wcl 1 -character ised  systems,  to  other  large  perturbation  approaches. 

Examination  of  the  time  constants,  for  the  several  gas  dynamic  processes  involved, 
indicates  that  energy  transfer  processes  will  generally  be  separable  from  the  thermal 
diffusivity  contj oiled  return  of  the  system  to  ambient  conditions.  Analysis  of  the 
thermal  diffusivity  controlled  decay  of  the  thermal  lens  signal  is  shown  to  permit  accurate 
(within  b%)  measurement  of  thermal  di f f us i v i t ies ,  non- i nvasi ve 1 y  and  even  at  elevated 
temperatures.  Where  hejt  capacx-ies  are  available,  these  can  be  coni'erted  to  Tiermal 
conduct  .i-vity  coefficients.  Anisotropic  thermal  di  f  f  us  ivit  ios  can  also  be  measured  in  a 

variety  of  phases. 


Introduction 

The  coaxial  ■lotrr,'!  lens  and  its  refraction  and  reflection  variants  are  increasingly 
being  recognised  t'  a  valuable,  non-invasive,  diagnostic  for  an  ever-widening  range  of 
phenomena.  From  one  or  two  papers  per  ..nnum  in  the  1970's,  the  work  in  these  areas  has 
grown  to  >1(10  papers  per  annum.  Accordingly,  in  the  short  space  available,  it  will  be 
possible  to  deal  with  only  a  small  part  of  the  field.  This  covers  a  range  of  gas,  liquid 
and  solid  phase  systems  quantitatively  and  will  be  desc-ibed  here  as  an  indication  of  the 
accuracy  and  versatility  of  the  technique. 

Experimental 

Only  coaxial  beam  geometries  will  be  considered  in  this  discussion.  Two  lasers  are 
required.  One  must  be  puls...d  and  of  pulse  length  short  in  comparison  with  any  kinetic 
event  which  is  to  be  monitored  and  a  duty  cycle  low  enough  to  allow  the  system  to  relax 
completely  to  its  initial  state  between  pulses  (e.g.  20-50  half  lives  of  the  decay  between 
pulses).  This  "pump"  laser  must  also  have  a  high  quality  TEM  beam  profile.  The  repon.so 

time  of  the  experiment  will  vary  as  the  square  of  the  radius  of  this  profile  at  the  1/e 
point,  so  that  this  diameter  must  be  small  enough  to  allow  observation  of  the  desired 
kinetics.  It  is  immediately  obvious  that,  even  with  good  optics,  work  in  the  infra-rod 
will  be  slowe:  than  work  at  visible  wav'elcngths  because  of  the  larger  di f f ract ion- 1 imi ted 
spot  sizes  obtaining  at  the  longer  wavelengths.  The  "pum[i"  la.ser  should,  ideally,  be 
tunable  to  allow  very  specific  transitions  to  be  "pumped". 

The  second  "[<rcjbe"  laser  requires  high  poi''ting  and  intensity  stability,  a  stable  TEM 
beam  profile  and  is  best  to  be  in  the  visiole  wavelength  range.  This  facilitates 
alignment  and  allows  use  of  cheap  Hc/Nc  lasers  and  fast  photomultipliers. 

The  two  lasers  are  mixed  coaxially  on  a  beam-splitter  transparent  to  one  and  reflectix-,^ 
to  the  other  (e.q.  a  Ge  plate  transparent  to  CO^  laser  radiation  and  leflectinq  632. Rnm 
light).  Th  ’  imp"  laser  beam  is  brought  to  a  beam  waist  (by  telescope  or  simple  lens;  - 
apertures  stiauld  be  avoided)  in  the  sample  cell  which  is  of  such  a  length  that  this  waist 
is  parallel  to  +  33  or  better  throughout  the  cell .  This  cell  can  lie  mounted  in  an  oven 
for  high  tempierature  work.  Tlie  probe  laser  is  unfocussed  and,  after  passing  through  the 
cell,  IS  centred  on  a  23um  pinholt  masking  a  632.finm  n,  rrow  bandpass  filter  covering  the 
photocatiiode  of  fast  photomultiplier  rube.  T  the  sample  temperature  rises  as  a  result 
of  the  f'norqy  deposited  in  the  Gaussian  "pump"  lase.  profile,  the  "probe"  lai  r  will 
diverge.  This  leads  to  a  drop  in  signal  at  the  photomultiplier.  This  is  t  .  med  the  rise 
of  the  thermal  lens  signal.  Eventually  the  photomultiplier  signal  relaxes  to  its  initial 
•  tafr’  and  this  is  termed  the  decay  of  tlie  thermal  lens  signal.  Generally,  the  risetime  of 


502 


the  lens  signal  is  several  orders  of  magnitude  faster  than  its  deeay.  Accord i ng 1 y ,  riv 
signal  is  best  recorded  by  a  real  time  waveform  digitiser  catiablc'  of  otjorating  with  dual 
timebases  (one  fast  for  the  risotimo  data,  one  slow  for  the  decay).  Tlie  triqq''r  to  tins 

instrument  is  obtained  from  the  rising  edge  of  the  "pump"  laser  pulse  '.’ia  a  very  fast  ( <:  .  g . 
photon-drag)  detector.  The  trigger  pulse  is  delayed  so  that  it  signals  tlic  timcbas' 
change-over  of  the  signal  averager,  but  includes  some  pre-laser  fiulse  data  which,  is  uss>d  as 
a  baseline  for  the  signal  analysis.  The  16  bit  data  are  stored  on  flo[)[jy  disc  for 
analysis  as  set  out  below. 

In  the  gas  phase  there  are  several  time  constants  which  influence  the  i nti'rpretat i on  of 
the  data.  These  are: 


Pressure  wav'e 
V-T 

Diffusion 

Thermal  conduction 


7  =  R  /c 

=  R  ^/4D 
L  D  ,,, 

7  ,  =  /4k 

'  k  g 


I  c  =  (JTrt/M) 


Where  R  is  the  "pump"  laser  beam  1 /o  Gaussian  radius,  c  is  the  speed  of  sound  in  the 
sample, is  the  gas  phase  diffusion  coefficient  and  k  is  the  thermal  diffusivity  of  the 
sample  . 

For  ideal  gases,  it  has  been  shown  that  7^1^ 77"^^  =  y  which  is  close  to  unity. 

However,  for  most  gas  phase  work,  p.  In  the  gas  phase,  energy  transfer  rates 

increase  with  pressure  whereas  thermal  diffusivity  decreases  with  pressure.  A  pressure 
range  can  be  selected,  therefore,  where  these  two  rate  processes  can  be  sufficiently 
different  that  they  can  be  treated  quite  separately.  The  thermal  lens  signal  risotime  and 
its  decay  are  accordingly  analysed  independently. 

At  high  pressure,  energy  transfer  rates  may  become  so  fast  that  T  approaches 'f'  .  The 
signal  is  then  said  to  be  acoustically  limited.  This  occurrence  is^easily  detected  in  the 
signal  by  appearance  of  an  "overshoot"  at  the  signal  maximum^. 

A  complete  description  of  the  thermal  lens  signal  strength  has  been  presented 
previously  ' '  .  If  E  is  the  energy  remaining  in  internal  modes  of  the  sample  molecules 

at  time  t,  and  the  process  of  energy  release  is  pseudo  first  order, 

j^(t^)  =  (l/Ts)  exp  (-tyTg) . (1) 


The  time  dependf  ce  of  the  temperature  rise  in  the  sample  region  can  then  be  expressed  as 


f(t)  =  (r/{-f+  t})^  J^(t^ 


)/ii-t/(t  +r)i  . 


Here  7'  is  the  thermal  decay  lifetime  of  the  thermal  lens  signal  given  by 


C  R 
P  g 


P/4RTK. 


where  P  is  the  pressure,  T,  the  absolute  temperature  and,  K,  the  thermal  conductivity 
ccofficient  of  the  sample. 

The  thermal  lens  signal  strength  may  now  be  defined  in  terms  of  S,  the  fractional 
modulation  of  the  probe  laser 

S  =  1-1/(1+^V4{(  l-exp(-lX  )  1  (Xh-1  )  +  lX})  " . (4) 

Here  \  =  sample  optical  extinction  coefficient  in  reciprocal  length  units,  1  =  lengtli  of 
the  thermal  lens  cell,  I,  =  distance  from  the  thermal  lens  cell  output  window  to  t!ie  pinhole 
.and  is  given  b'/: 

^  =  (R/TTmXr  (0  RT  /C  Tp  )  6  fit)..!'!) 

'  g  o  .s  p  s  s 

Here  p  =  sample  refractive  index,  p  ,  T  =  the  sample  pressure  and  temperature  ,n  t  v;ln  ch 

this  refraction  index  obtains,  T  =  fho  actual  sample  temt>eraturr' ,  R  the  gas  constant,  and 

6  =  M-1  • 

s 

Figiirf'  1  shows  the  quality  and  sensitivity  of  fit  obtainable  with  this  .malysis 
applied^  to  the  risetimc  of  the  signal.  In  the  case  of  .SFg  quenclied  l)y  tlv'  iP’  rt  gases, 
the  important  energy  transf'T  processes  in  the  cell  ari':  ^ 


2SF  (k  ) 

gFf,  +  Q 
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Figure  1.  Fractional  signal  modulation, 
for  1  Torr  SFg  +  252.4  Torr  Xe  at  330K. 


S,  as  a  function  of  the  dimensionless  ratio 
The  best  fit  is  where  y.rp/  p  (eta)  =  6.5. 


k  is  obtained  from  the  slope  of  the  plot  of  the  pseudo  first  order  rate  constants,  for 
a  series  of  studies  at  constant  SF,  pressure  and  variable  inert  gas  pressure,  against  the 
inert  gas  pressure.  The  intercepts  of  such  plots  are  1<.  [SF,],  so  that  a  plot  of  such 

intercepts,  obtained  from  studies  with  different  base  pressures  of  SF,,  against  the  SF,. 
pressures  used,  yields  kj^.  The  results  are  summarised  in  Table  1.  ° 


Table  1.  Rate  constants  for  SF,  +  inert  gas 
quenchers  and  kj^  for  self  quenching.  *  =  ref  3. 


Inert 

pr 

pf* 

Gas 

ps  Torr 

ps  Torr 

Xe 

6250 

— 

Xe 

4347® 

— 

Kr 

2147 

3040 

Ar 

409 

470 

Ne 

233 

194 

He 

— 

41 

42  +  15 

122-182 

The  results  for  SF,  indicate  that  the  mechanism  follows  the  Ehrenfest  condition  for 
these  gases.  From  Table  1,  it  is  clear  that  this  technique  agrees  satisfactorily  with 
totally  different  approaches. 


The  energy  transfer  in  the  case  of  SF^  follows  a  mechanism  which  is  simple  overall,  but 
much  toi^  complex  to  analyse  in  detail  due  to  the  high  density  of  energy  levels  around 
1000cm  .  However,  in  the  case  of  CO^  such  detailed  analysis  is  possible.  Additionally 

many  of  the  rate  constants  are  a  1  ready “^ava i lable  in  the  literature,  so  that  few  variables 
are  available  for  fitting  observed^  to  predicted  thermal  lens  signals.  In  a  series  of 
studios  on  pure  CO_  an  endothermic  dip  in  the  signal  is  observed  and  the  signal  shape  is 
very  sensitive  to  the  choice  of  parameters  used  to  define  the  mechanism.  Figure  2  shows 
the  energy  levels  relating  to  these  studies. 

It  has  been  shown^'"'  that 

+  LEx  +  oKj  -  (y3  4-  *  hy-lj/fk-y?) 

+  I  4- +- lij.  )//l3 1  iij.)  J 
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Figure  2. 

Here and  ^  are  the  roots  of  the  equation, 
2 


Energy  levels  for  CO^,  and  CO. 


3' 


p  +(h.+h)p+h(h- 

h.  =  k  ,  +  +  k  M"®  . 

1  ,  x3  ,0  x4  xo  o 

ij.,  =  k  n  . 

h2  =  k°^  m'3"  . 

a^d"  ^  ’'x4  -  E'^IO 

=  k^Q  d-x*"). 


=  0  and 


Fortunately,  it  is  possible  for  the  modest  modulations  involved  (<50%)  to  equate  the 
thermal  lens  signal  to  E_,  so  that  the  above  relation  can  be  solved  numerically.  k 
denotes  the  rate  constant  for  the  relaxation  of  level  x  (001)  to  level  n.  The  value^of 
k  2  +  is  the  V-T  relaxation  rate  constant  for  the  001  (x)  level  of  COp^  i.e.  2832  gs 

T^rr.  kjQ  =  512  gs  Torr.  k^^^  is  the  quenching  rate  constant  for  a  diatomic  buffer  gas,  if 
present, ^and  M  is  its  pressure.  E  is  the  lowest  energy  level  of  the  CO-  (667cm  d. 

The  nOO  levels°are  assumed  to  equilibrate  rapidly  with  the  OnO  manifold  with  which  it  is 
connected  via  Fermi  resonance.  The  model  used  to  derive  the  above  equations  also  assumes 
that,  following  the  act  of  absorption  of  the  "pump"  pulse,  the  OnO  stack  of  levels  V-V 
equilibrates  instantly  within  itself  (and  with  nOO),  This  is  followed  by  equilibration 
with  the  001  level  and  the  translational  bath.  in  order  to  achieve  a  good  fit  with  the 
experimental  signal  shape,  it  is  necessary  to  set  “  80%  (k^^^  should  be 

noted  that  this  is  the  only  variable  used  in  the  curve  f itting^apart^f rom  a  normalisation 
factor  to  scale  the  observed  maximum  signal  to  the  experimental  modulation  maximum. 

Clearly,  the  endothermic  route  from  the  001  level  to  040  is  not  favoured  although  it  is 
nearer  resonance  with  the  001  level,  nor  is  this  endothermic  step  significant  in  producing 
the  observed  thermal  lens  endotherm.  Instead,  this  arises  from  the  relaxation  via 
translational  to  vibrational  transfer,  initially  faster  than  V-V  transfer  from  001.  In 
the  case  of  N-  quench  gas,  the  endotherm  is  more  pronounced,  because  the  001  population  is 
further  depleted  by  the  fast,  resonant  equilibration  of  this  level  with  the  V  =  1  state. 
Figure  3  shows  the  quality  of  fit  obtainable  in  this  case. 

Wi^h  CO  quench  gas,  the  001  equilibration  is  endothermic  by  206cm~^  compared  with  the 
18cm  for  N^.  In  this  case,  a  fast  initial  exotherm  is  apparent  in  the  thermal  lens 
signal.  The  magnitude  predicted  is  206/1046.58  of  the  6%  modulation,  i.e.  1.2%.  The 
observed  value  is  1%!  The  exotherm  in  the  case  of  N-  was  of  the  order  of  the  noise 
level  0.2%.  Table  2  lists  the  data  obtained  from  these  s  tud  i  es^  '  ^  . 

Here,  k  is  the  rate  constant  for  the  quenching  of  the  e.xcited  state  of  the  quench  gas  by 
COp .  In  the  case  of  CO  this  value  carries  an  error  of  40%.  The  V-T  quenching  value  of 
He  is  very  high,  but  is  as  accurate  as  the  other  values  above,  the  typical  error  being  <20% 

for  k  ,  and  10%  for  k,-. 

X  3  10 

Figure  4  shows  the  quality  of  fit  to  the  CO  data. 
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Figure  3.  The  best  fit  {full 
line)  curve  for  144  Torr  COp+ 
445  Torr  ^ 


Figure  4.  The  best  fit  (full 
line)  curve  for  744  Torr  CO^t 
154  Torr  CO. 


Table  2. 


Quench 


-1  -1 
s  Torr 


eq. 

Torr”^ 


N.  60  45  >15000 

CO  450  160  10000 

The  routine  use  of  equation  (4)  to  determine  thermal  conductivity  would  be  tedious,  but 
in  cases  where']^>>T'g  (and  this  is  generally  true  above  50  Torr)  this  equation  simplifies 


[  (1-S)' 


=  t/crO  +  1/C 


where  C  is  a  constant  independent  of  time.  Clearly,  plots  of  the  left  side  of  this 
relation  versus  time  will  be  linear  and  the  ratio  of  intercept/slope  gives  t'.  Further 
plots  of  T  against  pressure  yield  K,  the  thermal  conductivity  coefficient,  from  equation 
(3).  Figures  5  and  6  show  such  plots  for  the  inert  gases.  In  these  cases,  ITorr  SF,  was 
added  to  absorb  "pump"  laser  radiation.  With  the  pressures  used, this  introduces  <1% 
error . 


Table  3  lists  the  results  and  compares  these  with  the  best  current  values  obtained  from 
transient  hot  wire  measurements  1. 


Table  3 


Gas 

K/ 

Ku  4-  •/ 

hot  wire 

lO'^Wm'^K”^ 

Ne 

48.20 

48.21 

Ar 

18.48 

17.27 

Kr 

10.05 

9.23 

Xe 

6.02 

5.35 

High  temperature  operation  with  the  heated  cell  allows  measurements  on  systems  where 
transient  hot  wire  equipment  does  not  perform  well  because  of  the  restricted,  low  range  of 
vapour  pressures. 

Table  4  lists  the  results^  for  a  variety  of  compounds. 
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Figure  5.  The  SF-  +  Ar  syst 
266,  324,  385  Torr,  in  o 


50  KX)  150  200  250 

p/Torr 

Figure  6.  Plots  of  agains 
Kr ,  Xe  in  order  of 


Cyclopropane 
Temp./K  K/Wm  ^k' 


291 
323 
329.  5 
362 
413 


15.17 
18.33 
22.54 
33.24 
41 .88 


Ethyl  chlor 
Temp./K  K, 

291  1 
329.5  1 
348  1 
365  2 
390  2 
414  2 


Nitrobenzene  was  also  examined  ,  but 
diffusivity  was  all  that  could  be  calcu 
complex  systems  can  also  be  studied  wit 
exists  as  monomer,  dimer  and  tetramer, 
and  the  relative  concentrations  of  thes 


the  T  versus 


plot  for  this  system 


heat  capacity  data,  th'v  t 
s  obta'ned  at  4  2'jiK.  Mor 
cliniquc’.  Methanol  vajiou 
ant  dopondinq  on  tom[i(?rat 
n  [Pressure.  Fi  qu  ro  7  sli 


Figure  7. 


versus  pr 


The  thermodynamics  of  this  system  ar 
molar  heat  capacity  is  nearly  constant 
However,  at  lower  temperatures  the  "mol 
with  pressure.  Figure  8  illustrates  t 


apour  at  341K. 

At  high  temperature,  t 
is  nearly  pure  monomer, 
ies  in  a  very  non-linear 


I  “ 


Figure  8.  The  variatio 
with  oressurc.  (A)  =  32 


since  the Y/P  plot  is  linear,  it  is  clear  that  the  thermal  diffusivity  is  indciK-ndcnt  of 
pressure.  Consequently,  the  thermal  conductivity  coefficient  will  follow  t.he  heat 
capacity  variation  with  pressure. 

It  is  possible  to  "pump"  molecules  indirectly  by  the  stimulated  Raman  effect  using  two 
pulsed  lasers  tuned  so  that  their  frequencies  differ  by  that  of  a  Raman  transition  in  the 
sample  .  This  allows  energy  transfer  from  Raman  level  to  be  monitored  directly  and  the 
lens  signal  maximum  is  useful  in  recording  the  Raman  spectrum  if  one  of  the  pulsed  lasers 
is  a  scanning  dye  laser. 

The  thermal  lens  technique  has  been  extended  to  studies  in  the  liquid  and  solid  phases. 
In  laser  eye  surgical  procedures!^  where  high  power  laser  pulses  are  projected  through  the 
cornea  and  lens  of  the  eye,  thermal  lens  effects  in  these  will  destroy  the  precise  focus 
needed  in  e.g.  the  drilling  of  50pm  diameter  holes  in  the  uveal  mesh  through  to  Schlemm's 
canal  in  an  effort  to  alleviate  open  angle  glaucoma.  The  minimum  time  required  for  these 
lens  effects  to  relax  to  ambient  conditions  is  determined  by  the  thermal  diffusiv'ity  of  the 
cornea.  This  was  measured  for  Rabbit  and  baboon  corneae.  These  are  somewhat  variable, 
but  values  were  all  within  the  range  1.5  -  3.0  seconds  for'T'j,.  These  compare  with  the 
values  1.79s,  1.82s  and  3.04s  for  water,  Barany's  solution  and  chloroform  respectiv^ely . 

All  these  refer  to  a  2mm  beam  diameter.  The  last  three  values  reproduce  within  +2%. 

In  the  solid  phase,  anisotropic,  partially  oriented  polyethylene  terphthalate  sheet  was 
examined!!  .  If  the  pinhole  at  the  photomultiplier  is  replaced  by  a  slit,  the  thermal  lens 
experiment  gives  a  signal  containing  most  information  on  processes  occurring  in  a  direction 
orthogonal  to  the  slit.  Accordingly,  the  thermal  diffusivity  of  the  polymer  sheet  was 
measured  parallel  and  perpendicular  to  the  orientation  direction  for  a  variety  of  stretch 
ratios.  The  orientation  ellipse  of  biaxially  drawn  sheet  could  be  obtained  and  the  clear 
correlation  was  observed  between  orientation  and  enhanced  thermal  conductivity.  Being 
non-invasive  and  far  faster  and  easier  to  use  than  alternative  approaches,  the  lens 
technique  is  particularly  suitable  for  quality  control  applications  in  this  context. 

Finally,  one  effect  which  emerges  from  the  above  is  that  the  maximum  temperature  in  an 
absorbing  medium  depends  strongly  on  the  energy  transfer/thermal  diffusivity  kinetic 
balance.  For  example,  it  is  customary  to  add  an  inert  buffer  gas  to  a  gas  phase 
photochemical  system  to  increase  its  heat  capacity  and  thus  lower  its  temperature  when 
probing  the  thermal  component  of  the  mechanism.  However,  this  approach  is  far  too 
simplistic.  Increasing  buffer  gas  pressure  increases  the  release  rate  of  energy  to 
translational  degrees  of  freedom  and  slows  thermal  diffusivity.  On-axis  temperatures  will 
increase  as  a  result  and  only  the  increasing  heat  capacity  will  counteract  this!^  .  For 
0.5  Torr  SF,  +  Argon  buffer  gas  the  peak,  on-axis  temperature  is  reached  when  20  Torr 
buffer  gas  nave  been  added  and  proceeds  to  decrease  only  when  this  pressure  is  exceeded. 
Details  of  the  calculations  have  been  given  elsewhere!2 . 

Conclusions 


The  brief  review  of  quantitative  applications  of  the  thermal  lens  technique  give  above, 
while  far  from  exhaustive,  clearly  shows  why  this  non-invasive,  versatile  technique  is 
gaining  popularity  as  a  diagnostic  approach  in  many,  diverse  investigations.  No  attempt 
has  been  made  to  be  comprehensive  and  only  lack  of  space  has  prevented  this  and 
necessitated  omission  of  much  fine  work  of  other  authors  for  which  we  hope  we  shall  be 
forgiven . 
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CO, -LASERS  FOR  INDUSTRIAL  MATERIALS  PROCESSING 


G.  Herziget,  P.  Loosen 

Fraunhofer-Institut  fur  Lasertechnik ,  S teinbachstr . 1 5 ,  D-5100  Aachen,  W. -Germany 

1.  Introduction 

The  driving  force  of  the  laser-development  program  being  outlined  in  the  following  is 
given  by  the  interaction  phenomena  of  laser  radiation  and  matter  such  as  surface  and  plasma 
absorption,  heat  conduction,  melt  dynamics  and  plasma  formation.  As  a  guiding  example  for 
the  different  types  of  processing  (cutting,  welding,  surface  treatment  etc.),  welding  with 
CO, -laser  radiation  will  be  used  in  the  following. 

Absorption  of  high-intensity  laser  radiation  is  a  nonlinear  function  of  laser  intensity 
/ 2/ .  In  order  to  achieve  high  energy  coupling  into  metallic  materials  and  to  overcome  the 
generally  low  natural  surface  absoption,  the  laser  has  to  exceed  a  certain  threshold 
intensity,  which  is  for  welding  of  steel  within  the  range  of  1  -  2  •  10‘  W/cm’  /I, 2/.  For 
laser-system  development  this  implies,  that  not  only  the  increase  of  laser  power  is  an 
important  objective,  beam  quality  in  terms  of  the  capability  of  focussing  the  beam  down  to 
small  spots,  may  also  be  significant  in  order  to  reach  the  threshold  intensities  for 
processing  with  high  energy  coupling. 

Generally  this  threshold  intensity  is  dependending  on: 

-  variations  in  the  surface  quality  and  materials  parameters  of  a  workpiece,  which  occurs 
frequently  in  industrial  environment 

-  periodic  and  turbulent  melt  dynamics  in  the  processing  zone 

-  laser-power  fluctuations  caused  by  processes  inside  the  laser  source  or  induced  by 
radiation  reflected  from  the  workpiece  to  the  laser  system  (optical  feedback  /8/). 

Knowledge  and  control  of  these  processes  may  be  important  in  order  to  keep  the  processing 
result  within  the  given  limits  independent  of  the  changing  boundary  conditions.  In  Fig.  1  a 
laser-system  for  flexible  laser-manufacturing  is  proposed,  which  is  capable  to  react  on 
processing  parameter  fluctuations  by  control  in  a  closed-loop  feedback  circuit.  Similar 
systems  have  been  demonstrated  for  applications  like  soldering  /18/  and  hardening  ,‘'19/, 
where  the  time  constants  for  the  processes  are  mainly  determined  by  heat  conduction  and  are 
lying  in  the  ms-s  range.  The  modulation  bandwith  of  CO, -laser-systems,  nowadays  used  in 
industrial  materials  processing  is  in  the  range  of  several  kHz,  which  is  sufficient  for 
regulation  of  these  slow  processes  whereas  regulation  of  fast  melt  dynamics  and  plasma 
processes  requires  modulation  frequencies  in  the  range  of  kHz  to  several  hunderts  of  kHz, 
which  cannot  be  achieved  with  commercial  laser  systems  for  industrial  applications. 

In  the  following  some  areas  of  fundamental  research  and  development  are  discussed,  which 
may  contribute  to  the  design  of  a  laser-system  for  flexible  laser  manufacturing:  control 
of  intensity  and  optical  feedback,  increase  of  beam  quality  and  modulation  bandwidth. 

2.  Laser  Diagnostics 

In  Fig.  2  the  scheme  of  a  beam  analysing  system  is  shown,  capable  of  controlling  the 
intensity  distribution  of  focused  as  well  as  unfocused  laser  beams  /4/.  The  system  consists 
of  a  rotating  hollow  needle  with  a  pin-hole  in  its  surface  directing  to  the  laser  beam.  By 
rotating  the  needle  through  the  beam  cross-section  and  stepping  the  whole  set-up  through 
the  beam,  several  tracks  (typically  40)  can  be  picked  up  and  displayed  on  a  personal 
computer.  With  this  system,  measurement  of  the  intensity  distribution,  the  beam  radius  as 
well  as  the  divergence  up  to  laser  powers  of  several  kw  can  easily  be  achieved. 

The  results  of  analysing  a  CO,  laser  with  an  output  power  of  1,500  W  in  the  focal  plane 
of  a  5  inch  lense  is  illustrated  in  Fig.  3  showing  the  intensity  distribution  similar  to  a 
TEMIO*  mode.  In  this  way  several  commercial  CO,  laser  systems  have  been  analized  with 
regard  to  their  normalized  beam  quality,  which  is  given  by: 


(X  -  wavelength,  w  -  beam  radius,  Q  -  far  field  divergence) 

In  contrast  to  the  unfocused  beam,  where  the  far  field  divergence  is  not  easily  to  obtain 
due  to  the  large  Rayleigh  length,  measurement  of  the  divergence  behind  the  lense  and 
measurement  of  the  focussed  diameter  can  easily  be  achieved  with  the  presented  diagnostic 
system.  In  Fig. 4  the  measured  normalized  beam  quality  of  different  commercial  laser  systems 
is  shown  as  a  function  of  the  rated  laser  power,  and  is  compared  with  the  theoretical 
figures.  The  normalized  beam  quality  decreases  with  increasing  rated  laser  power,  by  reason 
of  beam  distortions  due  to  interaction  of  the  beam  with  the  amplifying  medium  /6/  and  the 
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output  window  11/ .  Lasers  with  a  nearly  Gaussian  intensity  distribution  (TEMOO)  have  been 
found  so  far  only  up  to  a  laser  power  of  about  2  kW,  a  limit  which  is  mainly  given  by  the 
high  power  load  of  the  partial  transmitter. 

In  general  it  is  not  sufficient  to  analyse  the  beam  parameters  of  a  laser  system  in  the 
nonprocessinq  case  as  described  in  Fig  4.  Fig.  5  shows  time-resolved  measurements  of  the 
total  beam  power  and  the  polarization  state  of  a  CO,  laser  system  at  total  absorbtion  of 
the  laser  by  a  beam  stop:  the  total  beam  power  and  polarization  state  are  nearly  constant 
in  time.  In  the  case  of  partial  reflection  of  laser  radiation  from  the  workpiece  to  the 
laser  system  the  laser  parameters  may  change  drastically.  This  can  only  be  detected  by 
on-line  diagnostics  of  the  laser  during  processing,  which  is  illustrated  in  Fig.  6,  showing 
laser  diagnostics  during  welding  of  aluminium.  The  total  laser  power  as  well  as  the  polari¬ 
zation  state  show  a  chaotical  temporal  behavior  /8/  whereas  the  averaged  polarization 
remains  constant.  Sometimes  the  signal  of  the  detector  d, ,  indicating  the  polarization 
state,  increases  to  the  level  of  the  signal  of  detector  di,  what  means  that  the  polarizat¬ 
ion  plane  of  the  laser  has  turned  by  an  angle  of  90°.  This,  as  well  as  the  fluctuations  in 
total  beam  power  may  have  an  influence  on  the  processing  results.  The  influence  of  the 
polarization  state  e.  g.  on  cutting  quality  and  efficiency  is  well  known  / 9/ ,  in  laser 
welding  with  special  process-  and  laser-  parameters  likewise  results  have  been  found  /lO/. 


A  simple  model  of  optical  feedback  (Fig.  7)  is  used  to  discuss  the  basic  characteri¬ 
stics  of  polarization  change  by  optical  feedback  /ll/.  Polarization  dynamics  is  described 
with  a  rate-equation  model  by  assuming  two  orthogonal  polarization  modes  containing  the 
photon  densities  q,  and  q, .  The  flux  of  these  photons  towards  the  workpiece  is  modified  and 
partially  reflected  from  the  interaction  zone,  described  by  the  coefficients  The  basic 
characteristics  of  feedback  induced  change  in  polarization  state  may  be  discussed  with  the 
stationary  solution  of  this  equation  system  (Fig.  8). 

Without  optical  feedback  the  laser  system  operates  in  this  example  with  a  polarization 
ratio  (qi/qi)  of  0.  With  optical  feedback  a  change  of  polarization  takes  place.  The  extend 
of  the  polarization  change  depends  on  the  coefficients  Ri ,  and  R,,,  describing  the  coupling 
of  photons  of  one  polarization  mode  with  the  other  by  the  workpiece.  The  greater  this 
coupling  (summarized  by  b,),  the  greater  is  the  change  in  polarization.  Concerning  the 
parameter  b,  this  behaviour  is  just  reverse.  A  great  coefficient  b, ,  which  means  large 
differences  between  the  photon  lifetimes  in  the  resonator,  is  damping  the  polarization 
change  by  optical  feetback.  The  case  of  random  polarization  occurs  for  equal  or  nearly 
equal  resonator  losses  for  the  two  polarization  modes  (t,  =  t,).  At  a  given  coupling 
constant  b,  the  polarization  state  tends  towards  mode  1,  when  the  feedback  coefficient  Rt  i 
is  increased.  This  is  also  true  in  the  reverse  sense  for  increasing  R, , . 


As  a  conclusion  of  the  foregoing,  a  laser  system  is  driven  by  optical  feedback  into  a 
polarization  state,  which  has  maximum  reflexion  and  therefore  minimum  absorption  at  the 
workpiece.  A  possible  way  to  avoid  this  state  is  to  chose  the  differences  in  the  time 
constants  Ti  and  -t ,  appropria tly ,  e.  g.  by  adaoted  choice  of  material  and  coating  of  the 
folding  mirrors. 


3.  Excitation  Technics 


The  main  objectives  of  excitation  technics  developement  are  to  increase  the  homogenity 
and  stability  of  the  discharge,  which  are  essential  prerequisits  for  high  beam  quality. 
Furthermore,  increase  of  the  electrical  power  density  and  operating  pressure  may  contribute 
to  the  design  of  more  compact  laser  systems,  because  raising  the  electric  power  density  and 
operating  pressure  reduces  the  size  of  the  active  medium  as  well  as  the  blower  size 
(convective  cooling  is  proportional  to  the  product  of  pressure  and  pump  capacity) .  An 
additional  advantage  may  be  seen  in  the  fart,  that  the  laser  relaxation  time  decreases  at 
higher  pressure  levels,  allowing  higher  modulation  frequencies. 


Conventional  dc-excitation,  widely  used  in  industrial  CO, -lasers,  allowes  operation  at 
power  densities  and  pressures  in  the  range  of  10  W/cm’  and  some  tens  of  mbars  resp. .  By  use 
of  a  highly-turbulent  swirl  flow,  generated  by  flow-shaping  elements  within  the  discharge 
tubes  of  an  axial-flow  laser  /12/,  the  parameters  for  homogeneous  and  stable  discharge 
operation  could  be  raised  to  about  18  W/cm’  and  90  mbar  for  the  electrical  power  density 
and  operation  pressure  resp.  (Fig.  9). 


With  r f-exci tation  these  figures  could  be  increased  considerably.  In  Fig.  10  the 
operating  range  of  dc-  and  rf-exci tation,  known  from  the  literature  and  own  experiments,  is 
indicated.  Electric  power  densities  up  to  about  50  W/cm’  and  operating  pressures  exceeding 
200  mbar  in  homogeneous  and  stable  discharges  have  been  demonstrated.  Additional  advantages 
of  rf-excitation  arise  by  :  low  gas  consumption  and  contamination  when  using  capacitive 
coupling  in  the  plasma. 
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The  selection  of  an  appropriate  excitation  frequency  is  governed  by  plasma  physical , 
technical  and  economical  aspects.  Plasma  physical  processes,  determing  the  choice  of 
frequency  are  discharge  stability,  sheath  thickness  and  plasma  absorption  length.  In  order 
to  describe  their  frequency  dependent  behaviour  modelis  liave  been  developed  or  modified 
/13/.  One  basic  example  of  these  investigations  will  be  discussed  later  on.  Additional 
technical  and  economical  demands  are  given  by: 

-  Cheap  and  reliable  design  of  rf-generator ,  e.g.  the  use  of  magnetron  microwave  sources 
may  have  significant  advantages  in  terms  of  cost  reduction 

-  Simple,  cheap  and  reliable  design  of  matching  network  and  coupling  structure 

-  Capability  of  achieving  high  modulation  bandwidth  and  short-term  pov.er  increase. 

Some  of  the  coupling  structures  tested  in  the  frequency  range  from  some  MHz  up  to  GHz 
are  schematically  drawn  in  Fig.  11.  A  coupling  structure  which  is  today  widely  used  in 
industrial  high  power  CO,  laser  systems  with  axial  gas  flow  is  scetched  in  Fig.  11a:  a 
simple  structure  which  works  well  with  the  usually  used  generators  in  the  10  -  JO  MHz 
range.  At  high  power  densities  and  operating  pressures  plasma  inhomogenities  may  occur  due 
to  the  slightly  inhomogeous  field  distribution  of  this  coupling  structure.  A  similar 
coupling  structure  used  for  transverse  flow  lasers  is  shown  in  Fig.  11b.  Inductive  coupling 
of  RF  may  be  obtained  with  the  structure  in  Fig.  11c,  resembling  a  slow-  wave  structure 
used  e.  g.  in  travelling  wave  tubes  in  the  several  hundred  MHz  to  the  GHz  region.  Problems 
may  occur  with  this  structure  due  to  radially  inhomogeneous  electrical  field  distribution, 
especially  at  very  high  frequencies.  A  structure  in  resonance  for  the  radio  frequency  is 
shown  in  Fig.  11  d.  This  structure  in  combination  with  adjusted  ridges  has  successfully 
been  used  with  frequencies  in  the  500  MHz  range  /14/. 

In  order  to  describe  the  characteristics  of  coupling  structures  and  rf-driven  plasmas,  a 
model  has  been  developed  /5/,  consisting  of  the  equations  for  charge-production  and 
-relaxation,  gas  dynamics  as  well  as  equations  describing  the  coupling-structure  equivalent 
circuit  shown  in  Fig.  12.  The  equivalent  circuit  includes  the  stray  capacity  c  ,  the 
coupling  capacity  Cj  and  the  plasma,  built  up  by  the  complex  impedance  Zp^^. 

With  the  aid  of  this  model,  design  and  optimization  of  coupling  structures  and  matching 
networks  under  consideration  of  frequency  and  power-density  dependent  plasma  behav'our  is 
possible  as  illustrated  in  Fig.  13  with  an  example  of  the  power-dependent  complex  imped  nee 
of  a  rf-discharge  (27  MHz)  in  an  axial-flow-CO, -laser .  For  a  complete  coupling  of  rf-power 
into  the  plasma  in  different  operating  regimes,  design  of  the  rf-generator  and  the  matening 
network  has  to  take  into  account  the  variing  impedance  shown  in  Fig.  13. 

With  Fig.  14,  where  the  calculated  electrical  field  in  the  discharge  is  given  as  a 
function  of  the  electron  density  for  two  excitation  frequencies  (27  MHz  and  500  MHz),  an 
important  basic  feature  of  frequency-dependent  plasma  stability  may  be  discussed. 
Increasing  power  density  in  the  discharge  increases  the  plasma  conductivity  and  therefore 
reduces  the  electrical  field.  For  a  rf-frequency  of  27  MHz  this  happens  for  this  example  at 
electron  densities  above  10* ’/cm*.  In  comparison,  at  higher  frequencies  the  total  current 
is  mainly  determined  by  the  capacitive  part  C  of  the  complex  impedance.  The  electron 
density  and  therefore  the  plasma  conductivity  *^nas  to  be  increased  to  a  greater  extend  to 
contribute  to  a  reduction  of  the  electrical  field  strength  in  the  discharge.  On  the  other 
hand,  reduction  of  the  electrical  field  strength  wi t)i  increasing  power  density  is  an 
important  plasma  stabilising  mechanism  and  contributes  to  the  adaption  of  the  electrical 
field  to  changing  gas  density,  which  is  essential  e.g.  in  high-power  systems  with  gas  flow, 
where  a  decrease  of  gas  density  in  direction  of  flow  takes  place,  and  where  a  nearly 
constant  ratio  of  E/N  is  maintained  by  the  processes  just  discussed.  Control  and  stabili¬ 
zation  of  discharges  may  therefore  become  more  complicated  with  increasing  excitation 
frequency. 


4.  Laser  Modulation 


Following  the  discussion  in  section  3  (Excitation  Technics),  rf-exci tation  has  several 
advantages  with  respect  to  high  modulation  bandwidth  (high  transmitter  modulation 
bandwidth,  operation  pressure  and  electric  power  density).  A  typical  rf-  and  laser-pulse  of 
an  axial-flow  type  CO, -laser  is  given  in  Fig.  15  /15/.  The  rf  power  can  be  switched  within 
very  short  times  (bandwidth  up  to  200  kHz)  whereas  the  laser  shows  the  characteristic  delay 
time  at  the  beginning  of  the  pulse  and  decay  time  at  the  end  of  it.  For  the  type  of 
modulation  needed  to  regulate  materials  processing,  the  decay  time  at  the  end  of  the  laser 
pulse  is  of  main  importance.  Therefore  the  processes  leading  to  a  decrease  of  this  decay 
time  are  chiefly  investigated.  Among  gas  temperature  and  gas  mixture  the  operating 
pressure  of  the  laser  discharge  determines  the  decay  time.  In  Fig.  16  measurements  of  the 
laser  power  decay  time  as  a  function  of  pressure  are  shown  /15,16/.  The  decay  time  is 
mainly  determined  by  collision  processes  in  the  laser  plasma,  the  time  constant  for  this 
processes  is  proportional  to  about  the  inverse  of  the  operating  pressure.  With  pressures  up 
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to  200  mbar,  which  can  be  achieved  with  rf-discharges  as  it  was  shown  in  section  3,  laser 
power  decay  times  in  the  range  of  10  ys  can  be  observed.  This  is  still  above  the  decay  time 
of  the  r f-generator ,  which  is  in  the  region  of  several  us  for  the  used  27  MHz  type. 

Fig.  17  shall  illustrate  a  method  of  modulating  a  high-power  COj-laser  by  means  of 
modulating  resonauor  parameters:  in  this  example  the  resonator  losses  have  been  modulated 
by  an  oscillating  resonator  mirror  with  a  frequency  in  the  region  of  the  laser-resonance 
frequency  /17/.  The  picture  shows  the  theoretical  and  experimental  laser  power,  which  is 
completely  modulated  with  a  frequency  of  about  100  kHz. 

6.  Conclusion 

Laser-materials  interaction  phenomena  indicate,  that  materials  processing  in  a  controlled, 
feed-back  system  may  be  advantageous.  Additional  elements  of  a  laser  source,  suited  for 
materials  processing  are:  beam  diagnostics  (on-line  or  off-line  resp.),  high  beam  quality 
and  modulation  capability.  With  respect  to  the  latter,  rf-excitation  has  several  advan¬ 
tages,  iiowever  the  optimal  excitation  frequency  with  respect  to  physical,  technical  and 
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Fig.  4:  Measurements  of  the  normalized  beam 
quality  of  commercial  CO,-  lasers  for 
materials  processing. 
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Fig.  5:  Diagnostics  of  the  total  laser 
power  of  a  high-power  COa-laser,  without 
processing . 
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Fig.  6:  On-line  diagnostics  of  the  total 
laser  power  of  a  high-power  COa-laser,  with 
processing 


Fig.  8:  Stationary  solution  of  the  equations 
given  in  Fig.  7. 
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Fig.  16:  Laser-power  decay  time  as  a  function 
of  discharge  operating  pressure. 


Fig.  17:  Modulation  of  a  high-power  CO, -laser:  reso¬ 
nant-optical  modulation  of  resonator  parameters  by 
oscillation  of  a  resonator  mirror. 
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Abstract 


Experimental  and  theoretical  studies  have  been  carried  out  to  evaluate  a  potential 
performance  characteristics  of  a  downstream-mixing  COz  gasdynamic  laser (GDL)  equipped 
with  a  screen  nozzle  and  a  passive  supersonic  diffuser,  and  utilizing  high-temperature 
decomposed  gas  of  liquid  NzO  as  the  donor  gas.  A  small-signal  gain  coefficient  up  to 
0.5  %/cia  and  a  laser  output  power  as  high  as  10  kW  have  been  measured  with  a  typical 
operating  condition  of  a  total  mass  flow  rate  of  2  kg/s  and  a  gas  mixture  of  mole 
fraction  of  11,3^2/65, l$N2/0.3^H20/23.3$0z  in  the  laser  cavity.  In  order  to  explain 
the  experimental  results,  a  mixing  loss  factor  is  introduced  in  an  analytical  model 
incorporating  the  threo-tomperature  kinetics  model  combined  with  the  gradually-mixing 
model  utilizing  a  specified  mixing  length  and  a  mixing  rate.  The  studies  have  shown 
that  significant  laser  potential  performance  exists  for  the  downstream-mixing  CO2  GDL 
utilizing  the  decomposed  gas  of  the  liquid  N2O  as  the  donor  gas. 
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1. Introduction 


A  significant  reduction  in  weight  and  voluine  of  a  downstream-mixing  CO2  gasdynamic 
laser (GDL)  system  is  possible  by  replacing  Nz  gas  by  liquid  NjO  utilizing  a  combustion 
with  an  appropriate  fuel/  In  the  nozzle  expansion  of  the  donor  gas  including 
contaminants  such  as  CDz,  H2O,  and  O2  generated  by  the  combustion,  vibrational  energy  is 
lost  from  the  hot  N2  gas  through  collisions  especially  with  CO2  and  H2O  gases.  These 
collisional  processes  deteriorate  the  laser  performance  of  the  mixing  GDL  system.  It 
is,  therefore,  required  that  the  mixing  GDL  system  be  incorporated  with  a  combustion 
technique  which  produces  the  donor  gas  with  as  small  amount  of  contaminants  as  possible. 

The  main  purpose  of  this  research  program  is  to  investigate  the  feasibility  of  the 
high  laser  performance  of  the  downstream-mixing  GDL  system  utilizing  high-temperature 
decomposed  gas  of  liquid  N2O  as  the  donor  gas  for  its  compactness. 


A  schematic  diagram  of  the  downstream-mixing  GDL  system  is  shown  in  Fig.l.  The 
system  consists  of  a  supplying  system  of  the  donor  gas  and  the  laser  gas,  a  combustor 
generating  the  donor  gas  by  the  decomposition  of  the  liquid  N2O  with  a  small  amount  of 
gas  mixture  of  CO  and  H2,  a  downstream-mixing  screen  nozzle  with  10-degree  half -angle 
conical  nozzle  units,  a  multimode  single-path  laser  cavity,  and  a  passive  supersonic 
diffuser.  The  donor  gas  includes  non-preheated  Nz  gas  for  dilution.  The  additional 
N2  gas  requires  only  small  percentage  of  the  overall  mass  throughput,  because  the  Nz  gas 
itself  is  used  for  the  pressurization  in  the  supplying  system. 


Fig.l  Schematic  diagram  of  the  downstream-mixing 
CO2  gasdynamic  laser 
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A  photograph  of  the  GDL  system  is  shown  in  Fig. 2.  The  supplying  system,  the  laser 
cavity,  and  the  cavity  duct  are  mounted  on  a  stand.  The  stand  is  approximately  1.5  m 
wide,  2.5  m  long,  and  1  m  high.  The  gas  flow  passing  through  the  cavity  duct  and  a 
silencer  is  exhausted  directly  to  the  atmosphere.  The  laser  cavity  is  75  cm  in  length 
and  3.5  cm  in  diameter,  and  it  contains  the  gas  flow  of  52  cm  in  length  along  the 
optical  path. 


Fig. 2  Photograph  of  the  downstream-mixing 
COz  gasdynaraic  laser  system 


3. Laser  Performance 

Fig. 3  shows  donor-gas  combustion  characteristics  of  the  liquid  NzO  with  the  gas 
mixture  of  CO  and  Hz  for  various  stoichiometric  ratios  0 .  Mole  fractions  of  Nz ,  COz , 
Oz  and  HzO,  and  combustion  temperature  at  a  combustion  pressure  of  100  atm  are  computed* 
by  an  equilibrium  combustion  model  described  by  the  foilwing  reaction  equation, 

lOONzO  +  0(99CO  +  Hz)  lOOWz  +  ?^(99C0z)  +  (HzO)  +  50(1  -  9i)0z.  (1) 

Several  experimental  studies  on  the  combustor  have  been  performed  in  order  to  establish 
a  stable  combustion  with  a  relatively  low  stoichiometric  ratio.  As  a  result,  a  stable 
decomposition  of  the  liquid  NzO  has  been  realized  with  an  extremely  small  amount  of  gas 
mixture  of  CO  and  Hz,  corresponding  to  a  stoichiometric  ratio  as  low  as  0.06. 
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Fig. 3  Combustion  characteristics  of 
liquid  N2O  and  mixture  of  CO+H2 


Fig. 4  shows  a  comparison  of  measured  gain  distributions  along  the  gas  flow  with 
calculated  ones  under  a  typical  operating  condition  described  in  the  upper  part  of  the 
figure.  A  maximum  gain  has  been  measured  to  be  0.5  %/cm  at  point  in  the  laser  cavity 
7  cm  downstream  of  the  nozzle  exit  plane  . 

In  order  to  explain  the  experimental  results,  small-signal  gain  coefficients  have 
been  computed  by  the  three-temperature  kinetics  model®  combined  with  the  gradually- 
mixing  model^  utilizing  a  specified  mixing  length  and  a  mixing  rate,  A  mixing  loss 
factor  C  is  introduced  in  the  analytical  model  to  evaluate  the  effect  of  translational 
gas  temperature  increase  caused  by  the  kinetic  energy  loss  due  to  the  turbulence 
generated  by  the  velocity  difference  between  the  two  supersonic  flows.  The  mixing  loss 
factor  in  the  mixed  flow  region  is  defined  by  the  foilwing  equation, 

u=(l-?:)uo,  (2) 

where  u  is  a  flow  velocity  with  a  mixing  loss,  and  Uo  is  that  without  the  mixing  loss. 

A  decrease  in  the  small-signal  gain  is  associated  with  an  increase  in  the  mixing  loss 
resulting  in  the  static  temperature  increase  which  enhances  collisional  deactivation  of 
the  upper  laser  level  population  as  well  as  depression  of  the  small-signal  gain.  When 
the  mixing  loss  factor  C  is  specified  to  bo  1.5  515,  the  calculated  gain  distribution  is 
best-fitted  to  the  measured  ones. 
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Fig. 5  shows  calculated  maxiiDuro-available- laser-energy®  distributions  along  the  gas 
flow  under  the  typical  operating  condition.  A  specific  maximum-available- laser-energy 
of  10  kJAg  has  been  calculated  with  the  mixing  loss  factor  C  of  1.5  It  is  known 
that  a  specific  laser  power  on  the  order  of  half  of  the  maximum-available-laser-energy 
can  be  extracted  from  a  well-designed  laser  cavity.®  Consequently,  a  predicted  laser 
output  power  approximately  amounts  to  10  kW  with  a  total  mass  flow  rate  of  2  kg/s. 
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Comparison  of  measured  gain  Fig. 5  Calculated  maximum  available 

distributions  with  calculated  ones  laser  energy  distributions 


Fig. 6  shows  experimental  laser  output  characteristics  for  various  output  mirror 
reflectivities  under  the  above  mentioned  operating  condition.  A  maximum  laser  output 
power  of  10  kW  has  been  obtained  with  a  92,5-$  reflectivity  output  mirror.  The  result 
is  in  good  agreement  with  the  calculated  laser  output  power.  This  indicates  that  the 
analytical  model  is  quite  capable  of  predicting  the  gain  and  the  available  energy. 

A  solid  curve  is  fitted  to  the  measured  powers  using  the  Rigrod  power  extraction 
model®  in  order  to  calculate  a  saturation  parameter.  As  a  result,  it  is  found  to  be 
as  high  as  6.0  kW/cm^  with  the  measured  small-signal  gain  coefficient  of  0.5  $/cm. 
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Fig. 6  Laser  output  characteristics 


Typical  oscillograms  are  shown  in  Fig. 7  for  the  laser  output  power  and  the  static 
pressures  in  the  combustor  and  in  the  laser  cavity.  The  cavity  is  evacuated  down  to 
40  Torr  with  the  establishment  of  the  stable  decomposition  of  the  liquid  NzO  at  a 
pressure  around  120  atm.  The  laser  output  power  of  10  kW  is  obtained  for  one  second  in 
the  continuous  wave  mode. 
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Fig. 7  Typical  oscillograms  of  laser  output  power  and 
pressures  in  the  combustor  and  in  the  cavity 
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A  further  optiniization  of  the  experimental  parameters  such  as  the  reduction  of  the 
the  mixing  loss  is  yet  to  be  performed  to  investigate  an  ultimate  laser  performance 
potential  of  the  downstream-mixing  6DL  system  utilizing  the  high-temperature  decomposed 
gas  of  the  liquid  N2O  as  the  donor  gas. 


5, References 

1.  K. Kitagawa  and  K. Komatsu,  Appl.Phys.Lett.  47,  558(1985) 

2.  S.Gordon  and  B.McBride,  NASA  SP- 273 (1971) 

3.  A. T. Jones,  J.Phys.D:Appl.Phys,  9,  1193(1976) 

4.  R.W.F.Gross  and  J.F.Bott,  Handbook  of  Chemical  Lasers(John  Wiley  &  Sons,  1976) 

5.  J.D. Anderson, Jr.,  Gasdynamic  LaserstAn  Introduction (Academic  Press,  1976) 

6.  W.W.Rigrod,  J.Appl.Phys.  36,  2487(1965) 


524 


REGENERATIVE  COg  AMPLIFIER  OP  A  NANOSECOND  PULSE  TRAIN 
V  .V  .Apollonov ,  A  .M. Prokhorov,  V .R .Sorochenko ,  Yu.A.Shpkir 
Generpl  Physics  Institute  ,  USSR  Acndemy  of  Sciences,  Vpvilov  st.,38,  Moscow,  USSR 

Abstract 


Regenerative  amplification  of  a  nanosecond  pulse  train  in  the  50  1  active  volume  CO2 
laser  has  been  investigated  both  numerically  and  experimentally.  The  area  in  which  RA  ta¬ 
kes  place  was  determined  when  varying  the  injected  radi»’tion  parameters.  The  nanosecond 
pulse  train  utiliration  as  an  injected  radiation  instead  of  monopulse  was  shown  to  broaden 
significantly  the  injection  time  "window"  and  to  enable  variation  of  an  individual  pulse 
time  structure  in  the  output  train. 


Introduction 


Nanosecond  pulse  regenerative  amplifiers  have  been  developed  by  many  researchers  /I, 2, 3/ 
The  absence  of  any  switches  or  modulators  in  the  resonator,  which  limits  both  beam  apertu¬ 
re  and  intensity,  enables  the  construction  of  CO2  regenerative  amplifiers  with  large  volu¬ 
mes  or  apertures  of  the  active  medium.  A  200  J  train  of  nanosecond  pulses  generated  in  a 
30  1  active  volume  CO2  laser  was  reported  in  /2/.  In  order  to  carry  out  a  number  of  physi¬ 
cal  experiments  it  is  of  interest  to  obtain  a  nanosecond  pulse  train  with  a  higher  energy 
and  wide  range  of  time  structure  variation.  For  example,  successive  interaction  of  the 
electron  beam  with  the  laser  train  of  pulses  in  the  same  focal  volume  (s.c.  cyclic  accele¬ 
ration)  should  permit  to  significimtly  increase  the  efficiency  of  laser  acceleration  of 
particles  /4/.  It  is  effective  to  use  numerical  calculation  of  the  regenerative  amplifica¬ 
tion  (RA)  process  in  order  to  estimate  the  borders  in  which  RA  takes  place  at  the  varied 
injected  radiation  parameters  /5,6/. 

The  present  paper  reports  the  numerical  calculation  results  and  experimental  research 
of  RA  in  the  CO2  laser  with  a  50  1  volume  active  medium  (L. ),  moreover  the  injected  radi¬ 
ation  was  a  nanosecond  pulse  train  with  an  interpulse  time  interval  aT  ■  2^j/c  (where  *■)- 
is  Hte  'Ll  resonator  length),  obtained  in  a  separate  regenerative  amplifier  (L2K  The  aim 
of  the  research  was  the  determination  of  the  RA  area  borders,  as  well  as  the  study  of  the 
changes  in  the  pulse  train  envelope  and  amplified  spontaneous  radiation  (ASR)  level  by  the 
variation  of  injected  radiation  parameters. 

In  /6/  we  reported  the  results  of  numerical  calculations  of  nanosecond  pulse  RA  in  the 
1  .8  1  active  volume  TEA-CO2  laser  with  a  stable  resonator.  In  the  present  paper  the  same 
numerical  calculation  algorithm  was  used  /6/,  but  some  changes  caused  by  a  significant 
difference  between  the  active  medium  cross  section  sire  and  injected  beam  diameter  and 
also  the  type  of  injected  radiation  (pulse  train). 

Specifically,  the  following  items  have  been  taken  into  consideration: 

1 .  The  injected  radiation  gradually  fills  in  the  fundamental  transverse  mode  of  an  un¬ 
stable  telescopic  resonator. 

2.  The  resonator  is  divided  into  2  rones  in  which  only  one  or  two  oppositely  directed 
radiation  fluences  propagate. 

3.  The  injected  radiation  is  a  nanosecond  pulse  train  with  the  envelope  close  to  the  ex¬ 
perimental  data  (Fig.1). 

Let  us  introduce  the  following  designati¬ 
ons:  T^  is  the  instant  of  injection  of  the 
first  pulse  in  the  train  into  Li  resonator  in 
respect  to  the  pump  pulse  starting,  T+,  is 
the  instant  of  the  threshold  gain  in  L^,  Ei 
is  the  injected  radiation  energy.  Note  that 
the  parameters  of  the  resonator  and  active 
volume  used  in  the  calculations  correspond  to 
tne  experimental  set  up. 

One  of  the  main  parameters  of  the  RA  sche¬ 
me  is  the  injection  "window",  that  is  the  re¬ 
gion  of  variation  at  a  fixed  E ,  inside 
which  ASR  level  does  not  exceed  a  given  value. 
In  the  present  paper  we  assvune  that  inside 
the  Injection  "window"  the  ratio  of  the  pulse 
Pig.1.  Nanosecond  pulse  train  injected  into  train  maxirnmn  pulse  peak  power  Pu  (N  is  the 
L^ .  number  of  the  maximum  pulse  in  the  train)  to 

the  ASR  power  Pasr  exceeds  10.  According  to 
/3/,  in  this  case  the  following  propagation 
of  the  radiation  through  the  saturable  absor¬ 
ber  (8+10  torr  SFS  +  6  atm  He)  allows  to  obtain  the  ratio  K-Pu/P^gp  > 1 0^  in  the  output. 
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this  vplue  is  sufficient  for  the  msjority  of  physicsl  experiments. 

The  cplculption  results  for  the  cpse  T^-  Tthr  shown  in  Pig. 2.  The  Pu  vplue  grows  up 

with  p  decrepsing  injected  trpin 


P  X 


¥-Jw) 


P,(W) 


Pig. 2. 


I0~^  I0“2  1  10^  10'^  Pi(w; 

Dependence  of  Pj^,  P^j.^(a),  K  =  (b)  and 

A  =  ^i  “  P®ak  power  of  the 

injected  train. 


pepk  power  Pi  (Pig.2,a),  becpuse 
the  mpximum  output  trpin  pulse 
is  formed  pt  p  higher  pmplificp- 
tion  of  the  pctive  medium.  Pjj 
repches  p  maximum  vplue  simultp- 
neously  with  K  pprpmeter  pt  Pi« 
-10"3W  (Pig.2,b).  Note  thpt  with 
Pi  decrepsing  from  1  to  10~^ 
(Pig.2,p)  the  penk  power  P^SR 
pIso  decrepses,  but  the  totpl 
ASR  energy,  E«sR»  in  the  Li  pul¬ 
se  grows  up.  (See  Pig.2,c)  pres¬ 
enting  the  dependence  of  A  » 

-  Etr/Etr+EASR  on  Pi,  where  Etr 
is  the  totpl  energy  of  the  Li 
pulse  trpin).  This  is  due  to  p 
more  intensive  spturetion  of  the 
pctive  medium. 

It  follows  from  Pig.2,b  thpt 
K^IOif  P^?  2.10-5  W,  thpt  is 
the  minimum  injected  energy  » 
3.10-13J. 

The  trpin  envelope  form  de¬ 
pends  significpntly  cn  the  Ei  vp¬ 
lue.  For  Ei  »1.5.10“3j  (experi- 
mentpl  dptp)  the  front  peek  of 
the  envelope  is  insignificpntly 
higher  then  the  mein  pert  of  the 
envelope  due  to  the  shift  of  the 
generption  stprt  into  the  time 
intervpl  with  p  smeller  emplifi- 
cption  (similprly  to  the  generp¬ 
tion  of  p  smooth  long  pulse  pt 
one  longitudinpl  mode  performen- 
ce  of  the  injection  locked  Isser 
Pig.3*p).  When  Ei  is  pttenupted 
up  to  1.5.10-“j  the  first  peek 
power  is  much  higher  then  the 
"tpil",  but  the  ASR  level  incre- 
pses  (K«15  )  (Fig.3,b). 

Thus,  in  order  to  obtein  mp¬ 
ximum  output  peek  power  the  inje«- 
cted  power  must  be  fpr  lower 
then  thpt  needed  for  p  complete 
suppression  of  ASR  (Ai«!l).  If 
the  output  peek  power  hps  p  mpxi¬ 
mum,  Ai  is  only  ebout  0.4  (Fig. 
2,c). 

The  numericpl  cplculptions 
hpve  shown  thpt,  unlike  /5,6/, 
injection  window  is  not  symmet¬ 
ric  relptive  to  T+^r’ 

Ei-  1.5  mJCT^j^y-  1.5  yusec  < 

Tj^  <  T^.  +0,75/usec.  This  diffe¬ 

rence  rs  cpused  by  the  use  of 
the  pulse  trpin  ps  injected  rpdi- 
ption,  instepd  of  monopulse  /5,6/. 
If  the  vplue  Ti^  «  Tj^  +AT(M-1) 

< T^i^  (  M  is  the  number  of  pul¬ 
ses  rn  the  trpin),  thpn  the 


trpin  pulse  with  j  number  will 
be  pttenupted  by  the  resonptor 

losses  proportion°lly  to  the  number  of  ppsses  through  the  resonptor  in  the  time  intervpl 
from  T;^!  «  T^  +aT  (j  -  1)  to  Tthr"*  Therefore,  the  Ipst  pulse  in  the  trpin  hps  the  mini¬ 
mum  losses  pnd  in  numericpl  calcUiPtions  the  injection  of  the  Ipst  train  pulse  with  the 
addition  of  all  previous  pulses  with  different  attenuation  in  the  resonator  has  been  con¬ 
sidered.  An  equivalent  power  of  the  pulse  injected  at  a  T^^  instant  depends  not  only  on 
the  train  maximum  pulse  peak  power  Pi,  but  also  on  the  resonator  parameters,  Ti,  and 
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the  trpln  envelope  form.  At 
the  other  ppremeters  fixed 
the  left  border  of  the  "in¬ 
jection  window"  moves  further 
from  T-tjhr  with  pn  increpse  in 
the  full  durption  of  the  inje¬ 
cted  trpin.  If  Ti >  T+up  only 
2f3  first  pulses  in  tne  trsin 
influence  the  RA  process  due 
to  p  rppid  increpse  of  the 
light  intensity  in  the  reso- 
nptor  pfter  the  threshold. 

Note  thpt  in  the  vicinity 
of  the  "injection  window"  bor¬ 
ders  the  dependence  of  K  upon 
Tj^  is  similpr  to  thpt  shown 
in  Pig.2,b.  When  Ti  ppprop- 
ches  the  border  K  increpses 
from  « 12  up  to  the  mpximum 
vplue  »  20  and  then  rppidly 
drops  down . 

Thus ,  when  nnnosecond  pul¬ 
se  trpin  is  used  ps  injected 
rpdiption  instesd  of  monopul¬ 
se  (with  the  spme  peek  power 
Pi)  "injection  window"  brop- 
dens  by  the  vplue  close  to 
the  full  durption  of  the  in¬ 
jected  trsin  (  ~  1,0  /jaaec  in 
the  present  cpse). 


Experiments!  set  up 


The  CO2  leser  (Li)  with  e 
20x20x125  cm3  pctive  medium 
hps  operpted  in  p  self-sus- 
tpined  dischsrge  regif  ini- 
tipted  by  pn  electron  bepm, 
with  p  low-ioni7Ption  pdditi- 
ve  (triethylpmine )  in  p  gps 
mixture  /?/.  The  telescopic 
resonptor  mirrors  were  dispo¬ 
sed  pt  the  edges  of  p  2m3  vo- 
linne  gps  chpmber.  The  resona¬ 
tor  length  li»  8.6m,  magnifi- 
cption  M«2.1,  mirror  ppertu- 
res  20  and  9  cm.  The  injected 
rpdiption  wps  introduced  into 
resonator  through  p  4  mm  dia¬ 
meter  hole  in  the  concave  mir¬ 
ror  center  (Pig.4).  The  Li 
worked  on  the  C02!N2*^®  ■* 
-1:1:3  (1  atm)  gas  mixtures 
with  triethylpmine  (TEA)  ad- 


10  20  30  40  50  n  ditive  (1  torr),  C02:N2-  1:2 

pnd  C02:N2-  1:4  (0.5ptm)  with 

Pig. 3,  Calculated  envelopes  of  nanosecond  pulse  train  (solid  TEA  (1  torr)  and  H2O  (2  torr) 
line)  and  amplified  spontaneous  radiation  (A3R)  /7,8/.  Pump  energy  of  the  pc- 

(dashed  line)  for  two  values  of  3^;  a)  di^=1 . 5.  io“<r,  tive  volume  was  up  to  10  kJ, 

b)  . 3. 10“3 j,  (  n  -  number  of  a  pulse  in  the  electron  beam  energy  did  not 

train,  povrer  density  of  tlie  train  pulse  with  exceed  200  KeV .  Maximum  out- 

tlie  n-th  number).  put  energy  of  Li  was  «  iZOOJ 

for  C02:N2  -  1:^  mixture. 

The  radiation  injected  into 

L^WSthe  nanosecond  pulse  train  generated  in  TEA  CO2  laser  (Lp)  with  a  1 .8  1  active  volume 
similar  to  /9/.  The  L2  active  length  was  50  cm,  resonator  length  l2»  I-]  with  a  1  cm  ac¬ 
curacy.  When  operpted  on  the  C02:N2:He-1 :1 :3  (1  atm)  mixture  and  160  J/1  pump  L2  output 
energy  was  »0.2  J  at  the  fundamental  -transverse  mode.  Nanosecond  pulse  train  (Pig.1) 
was  formed  on  injecting  into  the  L2  resonator  a  3  ns  duration  and  about  10“^^  J  pulse  cut 
off  by  electroopticpl  switch  (Si)  from  the  1  W  O'  CO2  laser  (L^).  The  L3  generated  at  a 
10  P(20)  line.  Pulse  duration  in  the  train  was  close  to  2  ns  due  to  the  saturation  effect. 
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Pig. 4.  Pxperinental  set  up. 


The  contrast  ratio  of  the  train  peak  power  to  the  Lp  ASR  level  exceeded  300:1  imeasu- 
red  by  Tektronix  7104  oscilloscope).  High  peak  power  of  the  L2  ^10  +10  <0  was 

much  higher  than  the  Li  spontaneous  emission  power  at  the  injection  instant,  tnat  is  wny 
the  experimental  set  up  exhibited  a  very  reliable  performance  and  the  "injection  window 

'^^^Photon^drag^detectors  PD-1  and  PD-2  have  been  used  to  control  the  Li  and  L2  radiati¬ 
on  .  The  L.  energy  was  measured  by  a  communicating  B-j  bolometer  connected  with  a  resista¬ 
nce  bridge.  Bi  was  calibrated  by  the  calorimeters  raairix.  The  energy  measurement  accuracy 
was  15^.  L.,  Lo  and  S-j  ,  as  well  as  the  oscilloscopes  to  control  the  set  up  parameters 
were  synchronized  by  a  many  channel  delayed  pulse  DPG  generator. 


s  the  radiation  os- 


o  ¥  V*  ^  - — - - w  -  X-  -  Y's  ,  li  • 

.men  L.  worked  on  the  C0p;W2:He=  1:1:3  p  =  1  atm  mixture,  Rti  "wir 
T^jjp- 1 , 6  « sec  <Tj[  <■  Thjjp+0. 6 ^sec  for  lSi=1 ,5. 10— 3J.  Pig. 5, a  presents 
cillosrain  foi*  "tins  vaiu©  oT  and  x 

For  T^'=  Ttvi-r  =  0,6  ♦  0*7  /#sec  RA  took  place  in  L-j  (that  is  K^IO  )  when  was  attenu- 

I!r4  4-1- T  1  T? .  i-y,£k  n +  n  nn  wnnrinw”  width  WaS  ClOSe 


^  Thus,  the  experimental  values  of  the  "injection  window"  and  minimum  ,  as  well  as 
the  train  envelopes  for  two  values  of  3*  are  close  to  the  calculated  values# 

When  the  Lp  resonator  length  is  varied  relatively  to  1-| ,  the  output  train  pulses  are 
broadened  at  the  base  due  to  the  delay  of  each  successive  pulse  in  the  input  train  to 
the  previous  one  having  completed  its  cavity  roud  trip  (Pig. 6, a). At  a  significant  di«e- 
rence  in  the  resonators'  lengthes  dt  =  2I2/0  -  21i/c  >  individual  pulse 

duration)  each  pulse  in  the  output  train  is  also  a  train  of  pulses  separated  by  a  at 
interval  (Pig.6,b).  The  train  of  such  a  type  may  be  of  interest  for  different  experiments 
of  radiation  interaction  with  matter. 

Conclusion 

Thus,  in  the  present  report:  ,  - 

1.  The  borders  of  regenerative  amplification  regime  in  the  50  1  active  volume  GO2  laser 
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a)  i3jL=  b)  2±=  1.5.10~% 

Pig.!5.  radiation  oscillograms  for  the  case 


a)  2I2/C  -  21. /c  <Z^ 


b)  21^/c  -  21^/c'■T^ 


Pig. 6.  radiation  oscillograms  for  the  case  1^  /  1^. 

are  determined  both  numerically  and  experimentally  at  varied  parameters  of  the  injec Led 
radiation  (which  is  a  train  of  nanosecond  pulses), 

2.  The  nanosecond  pulse  train  utilization  as  injection  radiation  instead  of  monopulse  was 
shown  to  broaden  significantly  the  "injection  window"  and  to  enable  the  individual  pulse 
time  structure  changing  in  the  output  train. 

3.  The  possibility  of  controlling  the  peak  power  and  envelope  form  in  the  train,  as  well 
as  the  amplified  spontaneous  emission  level  by  varying  the  injected  power  was  demonstra¬ 
ted  both  numerically  and  experimentally. 

4.  The  numerical  calculation  results  correspond  satisfactorily  to  the  experimental  data. 
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Al2Sli:a£t 

Results  are  reported  of  an  attempt  tc  measure  the  ion 
temperature  in  the  TCA  tokamak  by  collective  Thomson  scattering 
of  the  radiation  of  an  optically  pumped  DjO  far  infrared  laser. 
Consistent  results  are  obtained  in  the  correct  range  of 
temperatures.  While  the  precision  obtained  so  far  is  still 
unsatisfactory,  there  are  no  indications  of  any  adverse  effects 
precluding  a  precise  measurement  with  a  more  sensitive 
state-of-tLe-art  detection  system. 

Time-  and  frequency  resolved  measurements  of  the 
far-infrared  laser  emission  proved  that  the  bandwidth  and  the 
frequency  shift  during  the  pulse  (chirping)  are  still  acceptable 
for  a  collective  Thomson  scattering  experiment. 

During  this  study  we  showed  that  the  emission  frequency 
depends  on  the  intensity  of  the  pump-  and  the  FIR  beam  as  well  as 
on  the  DjO  P'essure.  We  also  observed  an  influence  of  the  time 
history  of  the  emission  resulting  in  a  doubly-peak.;d  pulse  shape 
of  the  FIR  laser. 


Measuring  the  ion  temperature  of  a  tokamak  plasma  by 
Thomson  scattering  will  be  of  particular  interest  to  plasma 
physicists  as  soon  as  a  precision  of  about  1 0%  can  be  reached  by 
this  method.  Our  preliminary  results  showing  scattered  spectra 
do  not  achieve  this  goal  yet.  For  this  reason  the  emphasis  will  be 
on  the  development  of  the  tools,  mainly  the  optically  pumped 
far-infrared  laser  where  we  encountered  a  few  quite  interesting 
problems. 

The  presentation  is  divided  into  two  parts; 

1)  Development  of  a  plasma  diagnostic  experiment  to 
measure  T|  by  collective  Thomson  scattering. 

2)  time-resolved  linewidlh  and  lineshape  measurements  of  a 
pulsed  optically  pumped  far-infrared  D2O  laser. 

Tj  measurement  by  colleclive  Thomson  scattering 

In  a  tOK^ak  plasma,  the  ion  temperature  is  an  important 
parameter  ard  considerable  efforts  are  made  to  develop  methods 
that  can  provide  measurements  with  good  temporal  and  spatial 
resolution.  Since  Thomson  scattering  of  ruby  or  Nd:  YAG  laser 
radiation  has  become  the  standard  method  to  measure  the  electron 
temperature,  the  question  arises  whether  the  same  method  could 
be  used  to  determine  Tj?  Before  discussing  the  problems 
encountered,  we  will  first  compare  the  different  available 
methods  and  their  advantages  and  disadvantages.  Four  of  the  main 
methods  are  listed  n  table  I. 

The  most  commonly  used  method  is  based  on  charge  exchange 
neutrals.  On  JET,  for  example,  five  neutral  particle  analyzers 
are  installed  which  look  at  different  chords.  The  beams  are  mass 
and  energy  resolved  and  recorded  with  channel  multipliers  to 
obtain  the  temperatures  of  both  ion  types,  the  density  ratio  and 
the  fast  ion  distribution  function  during  additional  heating.  The 
limitation,  at  least  in  large  machines,  is  given  by  the  opacity  of 
the  plasma  to  neutrals  escaping  from  the  central  plasma. 

Spectroscopic  techniques  have  also  been  used  with  success. 
The  mam  drawback  is  that  the  method  gives  the  temperature  of 
the  impurity  ions  in  a  particular  ionization  stale  and  additional 
measurements  or  assumptions  are  required  to  obtain  Tj. 
impurities  are  also  concentrated  at  the  plasma  edge  and  hence  it 


is  difficult  to  obtain  information  about  the  plasma  center. 

Neutron  analysis  methods  can  only  be  used  in  D-D  and  D-T 
plasmas  with  sufficiently  high  neutron  flux. 

A  reliable  temperature  measurement  via  colleclive  scattering 
of  laser  light  has  not  yet  succeded  on  a  tokamak.  This  fact  alone 
suggests  that  it  is  obviously  not  a  simple  technique.  Potentially 
the  method  has  severe!  advantages: 
does  not  disturb  the  plasma 
good  temporal  and  spatial  resolution 
direct  method  (does  not  rely  on  model  assumptions) 
eventually  other  parameters  can  be  measured 
simultaneously  (Og,  Tg,  Zgj^,  Bp) 
insensitive  to  neutrons 

insensitive  to  small  populations  of  non-thermal  particles 

We  will  briefly  review  some  important  points  to  consider  for 
the  set-up  of  a  Thomson  scattering  experiment  to  determine  Tj. 

1)  The  scattered  radiation  observed  is  essentially  due  to  the 
electrons.  The  mobility  of  ions  is  so  much  smaller  that  their 
contribution  is  negligible.  Hence  one  tries  to  observe  the  ion 
motion  by  collective  scattering  from  the  electron  clouds  which 
form  around  each  ion  in  order  to  shield  its  charge.  The  scattering 
scale  length  is  thus  much  larger  than  in  the  non-collective 
regime,  which  means  that  also  the  laser  wavelength  has  to  be 
larger.  If  one  does  not  want  to  work  at  FIR  wavelength,  very  small 
scattering  angles  will  be  required.  This  results  in  a  loss  of 
resolution  and  problems  with  stray  light. 

2 )  Because  of  the  small  cross-section  for  Thomson 
scattering,  the  scattered  intensity  is  very  small.  The  ratio  of  the 
power  collected  by  the  detection  system  to  the  incident  laser 
power  is  typically  (as  for  example  in  our  case)  of  the  order  of 
tO'*'^.  Hence  a  powerful  laser  system  in  the  FIR  and  a  very 
sensitive  detection  system  are  required. 

3)  A  careful  study  is  required  to  make  sure  that  the  signal 
containing  the  information  on  the  ion  temperature  is  not  masked 
by  contributions  due  to  other  effects  in  the  spectral  region  of 
interest.  Significant  undesirable  contributions  could  be  due  to 
scattering  from  impurities  or  microturbulences,  ECE  radiation 
and  parasitic  stray  light.  Under  certain  conditions,  the  influence 
of  the  magnetic  field  can  distort  the  thermal  spectrum.  Most  of 
these  effects  influence  the  central  part  of  the  observed  spectrum 
only.  In  the  range  from  600MHz  to  2GHz  offset  from  the  D2O 
laser  frequency  which  we  use  for  the  evaluation  of  T|  we  only 
have  to  consider  the  infiuence  of  the  magnetic  field,  whereas  the 
other  perturbations  can  be  neglected. 

4)  The  laser  beam  should  have  a  spectral  width  considerably 
smaller  than  the  width  of  the  scattered  spectrum  and  it  should 
also  be  stable  in  frequency.  Otherwise  a  complicated 
deconvolution  procedure  is  required,  with  all  the  associated 
uncertainties.  The  second  part  of  the  paper  deals  with  this 
subject. 

We  have  developed  a  system  which  in  principle  is  capable  of 
measuring  the  ion  temperature  in  a  single  shot.  In  practice  we 
haven’t  achieved  this  result  yet  and  we  are  currently 
investigating  why  this  is  so. 

Figure  1  is  a  schematic  of  our  set  up.  The  system  is  installed 
on  the  TCA  tokamak,  a  medium  size  tokamak  used  mainly  for 
heating  experiments.  An  optically-pumped  DjO  vapor 
far-infrared  laser  produces  pulses  of  1-2J  within  Ijis.  The 
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Collective  Thomson  Scattering  Experiment  on  TCA 


FinufR  1 

Configuration  of  the  experimental  system  showing  the  CO2  oscillator,  the  e-beam  amplifier 
operated  in  a  triple-pass  configuration,  the  FIR  laser  with  unstable  resonator,  the  scattering 
arrangement  on  the  TCA  tokamak  and  the  heterodyne  detection  system  consisting  of  an  optically 
pumped  CD3CI  laser  as  local  oscillator,  a  diplexer  and  a  multi-channel  receiver  system  with  a 
Schottky  diode  mixer. 


beam  is  focused  by  a  parabolic  mirror  into  the  center  of  the 
plasma  and  scattered  radiation  is  observed  at  90°.  A  shallow 
conical  pyrex  beam  dump  is  used  to  absorb  the  main  beam  and  the 
detection  system  looks  at  a  deeply  grooved  Macor  ceramic  viewing 
dump.  The  purpose  of  these  two  devices  is  to  suppress  stray  light 
as  much  as  possible.  We  use  a  heterodyne  detection  system  with 
an  optically-pumped  CD^CI  FIR  laser  used  as  local  oscillator.  Its 
emission  is  combined  with  the  scattered  radiation  in  an  optical 
diplexer  and  mixed  in  a  Schottky  diode.  The  resulting  IF  signal 
centered  around  3.6GHz  is  amplified  and  split  into  a  range  of  20 
different  channels,  each  80MHz  wide.  After  amplification  and 
integration  the  signals  are  digitized  by  CAMAC  units  and  sent  to 
the  local  computer  for  analysis. 

Calculated  spectra  for  H  and  D  plasmas,  respectively,  are 
shown  in  Fig.2.  In  each  case  three  curves  are  presented  referring 
to  different  conditions  (only  one  half  of  the  symmetric  spectrum 
is  shown.)  Curve  1  gives  the  spectrum  for  a  pure  plasma 
containing  only  a  single  ion  species.  Spectrum  2  is  obtained  when 
small  concentrations  of  impurity  ions  are  included.  The  species 
and  concentrations  were  chosen  in  agreement  with  typical 
tokamak  plasma  conditions  (Zgjj=2.5).  Finally,  curve  3  shows  a 
spectrum  that  also  fakes  into  account  the  influence  of  the 
magnetic  field  which  becomes  important  when  kiB. 

The  combination  of  these  effects  leads  to  a  considerable 
distortion  of  the  central  part  of  the  spectrum  out  to  about 
600MHz.  In  order  to  avoid  complications  In  the  analysis,  like 
multi-parameter  fits,  the  central  part  should  be  excluded  from 
an  evaluation  of  Tj.  A  variation  of  the  temperature  of  the  majority 
ions  affects  essentially  the  wings  of  the  spectrum. 

We  have  developed  a  computer  code  based  on  a  Monte-Carlo 
technique  to  simulate  the  signal  statistics  and  the  background 
noise  encountered  in  a  scattering  experiment.  In  Fig  3  we  show  a 
spectrum  for  our  current  experimental  conditions  (the  central 
part,  which  is  not  used  for  the  analysis,  has  been  omitted),  but 
assuming  a  somewhat  better  sensitivity  of  the  receiver  system. 


The  width  of  the  band  indicates  the  error  bars  obtained  from 
repetitive  measurements  at  fixed  plasma  conditions.  The  ion 
temperature  could  be  obtained  with  10%  accuracy  in  this  case.  In 
an  actually  measured  spectrum  the  error  bars  should  be  of 
comparable  size. 

In  Fig.  4  we  show  the  results  of  a  scattering  experiment 
obtained  from  a  single  shot.  The  background,  obtained  from  the 
average  of  nine  acquisitions  before  and  nine  acquisitions  after  the 
laser  pulse,  has  been  subtracted.  A  fit  for  a  plasma  density  of 
5-10’^cm“^,  an  electron  temperature  of  SOOeV,  a  Zgjj  of  2.5  and 
a  toroidal  magnetic  field  component  of  1.5T  at  an  angle  of  1°  with 
respect  to  the  direction  normal  to  the  scattering  plane,  suggests 
an  ion  temperature  of  390eV.  The  observed  fluctuations  of  the 
signal  are  obviously  much  larger  than  predicted.  However,  the 
ion  temperatures  obtained  by  fitting  the  spectra  of  five  different 
shots  are  quite  consistent  with  a  mean  of  280eV  and  a  standard 
deviation  of  25%  for  a  single  measurement.  Also  shown  in  the 
figure  is  a  fit  which  does  not  include  the  effect  of  the  magnetic 
field.  The  correspondence  with  the  measured  data  is  obviously 
much  worse,  suggesting  that  magnetic  field  effects  are  indeed 
important  for  the  particular  geometry  used  in  our  experiment. 
This  adds  an  additional  uncertainty,  mainly  due  to  the  averaging 
over  a  range  of  angles.  At  this  stage  it  is  difficult  to  discuss 
systematic  effects;  it  is  more  useful  to  compare  error  bars  in 
order  to  find  out  how  far  away  we  still  are  from  a  measurement. 
The  answer  is;  a  factor  of  5  to  10.  Possible  ways  to  achieve  this 
required  factor  are  the  following: 

1)  At  present  the  laser  power  is  not  limited  by  the  pump 
laser  system,  but  by  the  damage  threshold  of  the  FIR  laser 
entrance  window.  Modifications  of  the  optical  system  could 
alleviate  this  problem. 

2)  Our  detection  system  does  not  represent  the  state  of  the 
art.  At  present  systems  of  similar  design  achieve  NEPs  which  are 
up  to  10  times  better. 

3)  With  the  installation  of  a  mirror  in  the  place  of  the 
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Figure  2 

Calculated  spectra  for  typical  TCA  plasma  conditions  (Tg=800eV,  T|=400eV,  ng=5-10’^cm'^, 
Zg((=2.5,  B-r=1.5T,  z(k,B)=88®)  for  a  hydrogen  plasma  (a)  and  a  deuterium  plasma  (b).  In 
curve  1  neitner  the  effect  of  the  impurities  nor  of  the  magnetic  field  are  included,  in  curve  2 
impurities  are  included  but  not  the  magnetic  field  effect  and  curve  3  includes  both  effects.  In  the 
shaded  region  other  contributions  (parasitic  stray  light,  microturbulence)  will  be  noticeable. 
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Figure  3 

Simulation  of  a  "measured"  spectrum  for  typical  TCA  conditions 
with  a  band  indicating  the  error  bars  corresponding  to  repetitive 
measurements  at  fixed  plasma  conditions.  The  ion  temperature 
could  be  obtained  with  10%  accuracy  in  this  case. 


Figure  4 

Experimental  results  obtained  from  a  single  shot.  The  points  show 
the  measured  signal  in  each  channel  with  the  average  background 
subtracted.  The  solid  curves  are  fils  for  Tg=800eV,  ng=5-10'^, 
Zgff=2.5.  Curve  2  also  includes  the  magnetic  field  effect 
(By=1.5T.  Zl.5(B.k)  =  89°). 


viewing  dump  radiation  with  an  oppositely  directed  wave  vector 
could  be  collected  and  sent  towards  the  detection  system.  In  this 
way  the  amount  of  collected  radiation  could  be  doubled. 

4)  With  several  mirrors  of  our  optical  system  being 
attached  to  the  structure  of  the  lokamak,  which  is  exposed  to  large 
forces  during  a  discharge,  there  may  be  a  dynamical 
misalignment  which  is  difficult  to  estimate.  (During  earlier 
experiments  we  had  severe  problems  caused  by  eddy  currents  in 
our  full  metal  mirrors  which  consequently  had  to  be  replaced). 

Taking  all  these  improvements  into  account  it  should  be 
possible  to  get  into  the  region  where  Tj  can  be  measured  in  a 
single  shot.  It  should  be  pointed  out  at  this  stage  that  a  first 
demonstration  of  this  method  has  been  reported  by  a  group  at  MIT 
[1].  Due  to  severe  problems  with  parasitic  stray  light  and  the 
electron  cyclotron  emission  background  caused  by  the  strong 
magnetic  field  on  Alcator  C,  an  evaluation  of  Tj  could  not  be 
attempted.  While  we  are  still  reluctant  to  call  our  results  a 
Tj-measurement,  we  have  not  run  into  any  problems  which  could 
preclude  such  a  measurement  with  a  more  sensitive  detection 
system. 

Time-resolved  linewidth  and  lineshaoe  measurements 

In  this  second  part  we  report  time-resolved  linewidth  and 
lineshape  measurements.  The  main  purpose  was  to  investigate  the 
spectral  purity  and  stability  of  the  D2O  laser  emission 
frequency.  In  optically-pumped  FIR  lasers,  especially  if  they  are 
pumped  off-resonance,  there  are  several  mechanisms  which  can 
lead  to  chirping  or  to  a  time  variation  of  the  width  of  the 
emission  profile.  The  peaks  of  the  gain  profile  vary  in  frequency 
due  to  the  AC  Stark  effect  induced  by  the  pump  and  far  infrared 
laser  fields  and  also  due  to  saturation  mechanisms.  If  single  mode 
emission  is  not  imposed  by  external  means,  mode  competition 
effects  also  profoundly  alter  the  gain  profile. 

In  our  experiment  the  scattered  radiation  has  a  spectral  width 
of  the  order  of  1  GHz.  If  the  frequency  variation  of  the  laser  does 
not  greatly  exceed  10%,  hence  about  100MHz,  we  estimate  that 
the  complications  of  a  deconvolution  procedure  can  be  avoided. 


The  experiment  was  carried  out  using  equipment  of  an  earlier 
Thomson  scattering  feasibility  study.  The  basic  differences  were 
the  following  ; 

-  no  e-beam  laser,  but  6  TEA  CO2  laser  units 

-  FIR  laser  pumped  by  2  beams 

-  energies  lower:  CO2:  2  times  60J,  D2O:  approx.  200mJ 
during  1  (is  (2  to  3  modes) 

■  stable  resonator  configuration 

-  spherical  metal  target  used  to  scatter  some  laser  energy 
into  the  detection  system 

-  strong  attenuation  of  the  beam  to  protect  the  detector 

In  many  respects  the  equipment  was  not  optimised  for  these 
time-and  frequency-  resolved  measurements.  In  particular,  the 
80MHz  spectral  resolution,  defined  by  the  width  of  the  channels, 
was  insufficient  to  resolve  individual  resonator  modes  separated 
by  40  MHz.  Hence  mode  competition  effects  could  not  be  directly 
observed.  Only  shifts  of  the  envelope  of  the  spectral  emission 
profile  could  be  observed.  The  temporal  resolution  of  31ns  was 
defined  by  the  32MHz  sampling  rate  of  the  CAMAC  units  with  8 
bit  resolution.  Since  the  laser  was  optimised  for  long  pulse 
operation  (approx.  1)is)  this  time  resolution  was  adequate  to 
follow  the  temporal  evolution  during  the  pulse.  Signal  analysis 
was  performed  at  the  intermediate  frequency  by  seven  coaxial 
fillers,  with  a  bandwidth  of  80MHz  each.  Four  channels  were 
centered  around  the  Raman  frequency  and  three  around  the  line 
center  frequency.  Digital  oscilloscopes  were  used  to  record  the 
pulse  shapes  of  the  COo  pump  laser  and  the  D2O  FIR  laser.  For 
numerical  analysis  alT  data  were  transferred  to  a  PDP-11 
computer. 

At  each  D2O  gas  pressure  of  interest  a  series  of  typically  ten 
laser  shots  was  fired.  The  raw  data  show  the  time  evolution  of  the 
FIR  power  for  each  frequency  channel  with  a  resolution  of  31ns. 
A  separate  calibration  of  the  total  gain  of  each  channel  by  means 
of  a  black  body  source  allowed  scaling  of  the  signals  so  that 
spectral  profiles  could  be  obtained. 
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Results  and  discussion 

For  narrow  band  FIR  emission  single  mode  pumping  is 
essential.  It  has  been  shown  theoretically  [2]  that  two  pump 
modes  create  multiple  FIR  gain  peaks  separated  from  each  other 
by  the  intermode  spacing  and  not  just  two  peaks  at  the 
corresponding  Raman  frequencies.  This  is  due  to  nonlinear 
effects  resulting  from  the  induced  beating  of  the  population 
densities.  Hence  one  would  expect  broad  band  emission  in  the  FIR 
as  soon  as  the  pump  beam  is  multimode.  This  is  indeed  observed. 
We  show  in  Fig.  5  the  recorded  signals  of  7  channels  for  two 
consecutive  shots.  On  the  left  hand  side  the  pump  pulse  was  single 
mode,  wheras  on  the  right  hand  side  the  modulation  of  the  pulse 
indicates  multimode  operation  (beat  signal  not  resolved). 

Each  channel  was  80MHz  wide  and  is  labeled  by  the  offset  of 
its  center  frequency  from  the  Raman  frequency.  While  the  three 
channels  around  the  line  center,  namely  400,  320  and  240MHz, 
quite  clearly  show  a  signal  on  the  right  hand  side  (multimode 
pumping)  there  is,  apart  from  an  initial  spike,  practically  no 
signal  in  the  single  mode  pump  case.  The  presence  of  the  spike 
indicates  that  a  mode  on  or  near  line  center  starts  to  develop,  but 
is  rapidly  and  efficiently  suppressed  by  the  Raman  mode.  Also, 
for  multimode  pumping,  the  emission  around  the  Raman 
frequency  shows  a  larger  spectral  spread. 

Figure  6  shows  a  series  of  curves  representing  the  D2O  taser 
emission  as  recorded  by  4  spectral  channels  covering  a  band  of 
320MHz  around  the  Raman  line.  Each  curve  corresponds  to  a 
particular  instantaneous  pump  power  and  represents  an  average 
over  10  shots.  The  curves  are  arranged  to  form  a  3D-plof.  The 
30  curves  refer  to  the  falling  part  of  the  CO2  pulse  and  to  a 
pressure  of  3.5forr.  The  emission  maximum  occurs  quite  clearly 
at  the  Raman  frequency  for  the  weak  pump  intensities  and  is 
shifted  outwards  by  a  full  channel  width  at  maximum  pump 
power,  a  clear  indication  of  the  pump  induced  AC  Stark  effect 
[3].  The  behavior  is  similar  during  the  rising  part  of  the  CO^ 
pulse.  However,  the  maximum  frequency  shift  is  smaller  in  this 
case.  It  seems  that  the  short  rise  time  (300ns)  of  the  CO2  pulse 
is  insufficient  for  the  buildup  of  new  modes  at  a  shifted 
frequency,  whereas  this  does  take  place  during  the  1)is  long  tail 
of  the  pump  pulse. 

In  Fig.  7  we  again  show  data  for  12  averaged  shots  and  for  a 
pressure  of  1  torr.  This  time  the  FIR  power  is  plotted  as  function 
of  frequency  and  time.  Again,  FIR  emission  starts  at  the  Raman 
frequency  where  a  local  maximum  is  rapidly  reached  (peak  1), 
earlier  than  the  peak  of  the  pump  pulse  occurring  at  the  time  of 
280ns.  Even  with  the  limited  resolution,  the  frequency  shift 
towards  a  new  maximum  (peak  2)  at  an  offset  of  -80MHz  and  at  a 
time  of  770ns  is  clearly  visible.  Later,  at  decreasing  pump 
power,  the  FIR  frequency  of  maximum  emission  shifts  back 
towards  the  Raman  frequency.  A  third  local  1.  aximum  (peak  3) 
is  reached  late  in  the  pump  pulse,  at  1.4ns.  The  emission 
spectrum  is  noticeably  narrower  during  this  part  where  the 
pump  power  is  fairly  constant.  Obviously  rapid  variations  in 
pump  power  are  not  favorable  for  a  stable  and  narrow  emission 
profile.  Flat-topped  pump  pulses  would  probably  give  much 
better  results. 

Figure  8  shows  the  major  results  summarized  in  three 
curves  for  each  O2O  pressure  investigated.  On  the  left  hand  side 
the  FIR  power  integrated  over  all  spectral  channels  is  shown  as  a 
function  of  pump  power  during  the  full  pulse  duration.  In  this 
representation  we  obtain  curves  that  show  a  hysteresis-type 
behaviour.  Certain  points,  equidistantly  spaced  in  time,  are 
marked  for  comparison  with  the  middle  and  right  hand  side 
diagrams.  These  show  the  frequency  and  power  of  the  emission 
maximum  as  function  of  time.  The  analysis  of  these  diagrams 
reveals  the  following  facts: 

When  we  follow  the  time  evolution  of  the  FIR  power  in  case 
(a)  (going  round  the  curves  in  the  sense  of  increasing  numbers  of 
the  time  markers)  we  note  a  distinct  pressure  dependent 
behavior. 

At  low  pressure  the  FIR  power  increases  steeply  as  function  of 
pump  power  before  it  levels  off.  indicating  a  saturation  effect. 
During  the  time  interval  of  decreasing  pump  power  the  FIR 
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Figure  5 

The  signals  recorded  in  each  channel  (correctly  scaled)  for  two 
shots:  the  pump  pulse  was  single  mode  on  the  LHS  and  multi-mode 
on  the  RHS.  (Note  that  for  clarity  negative  signals  are  not  shown. 
The  small  spikes  close  to  the  base  line  at  320MHz  in  Fig,  5a,  for 
example,  are  within  the  noise  level,  with  a  similar  amount  of 
negative  going  si :  .<es.) 
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Table  I 

Penetration  problems  for  large,  dense 
plasmas.  Can  be  improved  by  active  beam 
techniques. 

Needs  separate  measurement  of  impurity 
density  profiles  to  determine  spatial  location 
of  the  impurity  lion. 

Potentially  a  promising  technique,  but  in 
spite  of  the  investment  of  much  effort,  still  to 
be  demonstrated  in  tokamaks. 

Promising  for  D-D  and  D-T  plasmas.  Needs 
high  resolution  neutron  spectrometers. 


emission  is  considerably  lower.  The  situation  is  reversed  at  high 
D2O  pressure  (8torr).  Only  at  the  intermediate  pressure  of  4 
torr  (which  yields  maximum  FIR  energy  output  per  pulse)  does 
the  FIR  power  follow  the  pump  power  almost  linearly.  At  low 
pressure  the  Stark  effect  appears  to  be  quite  important.  At  0.5 
torr  the  FIR  radiation  develops  at  a  frequency  which  is  shifted  by 
80MHz  from  the  Raman  line  center  and  stays  there.  The  FIR 
grows  very  rapidly  into  a  saturated  region  where  it  remains  up 
to  the  peak  of  the  CO2  laser  pulse.  It  then  decays  almost 
proportionally  with  the  pump. 

At  1  torr  the  FIR  power  still  grows  rapidly  and  shows  signs  of 
saturation.  The  emission  peak  is  initially  at  the  Raman  frequency 
and  moves  outwards  to  reach  a  maximum  shift  at  the  time  when 
the  C(^  laser  power  has  returned  to  one  quarter  maximum,  but 
the  FIFi  laser  power  is  still  about  half  its  maximum.  After  this 
point  the  frequency  rapidly  returns  to  the  Raman  frequency  and  a 
secondary  power  peak  develops.  Hence  a  doubly  peaked  FIR  pulse 
is  observed  whereby  the  two  peaks  occur  at  roughly  the  same 
frequencies. 

This  double  peaked  structure  is  also  observed  at  4  torr  and 
again  the  two  peaks  occur  at  similar  frequencies,  while  the  time 
of  the  intervening  trough  coincides  with  the  time  of  maximum 
frequency  shift.  During  the  first  400ns  the  pump  and  FIR  powers 
grow  and  decay  almost  in  proportion  to  each  other. 

At  high  pressure  (8torr)  two  peaks  are  still  observed,  this 
time  with  slightly  different  frequencies;  the  second  one  is 
displaced  inwards,  towards  the  line  center.  The  FIR  power 
remains  at  a  high  level  for  an  extended  time.  Hence  FIR  pulses 
with  long,  reasonably  flat  top  can  be  obtained  under  these 
conditions. 

At  8  torr  we  also  note  that  the  frequency  remains  fairly 
constant,  at  least  up  to  the  second  maximum.  Later  a  frequency 
shift  towards  the  line  center  position  is  observed.  This  is  only 
the  case  at  8  torr,  whereas  for  all  lower  pressures  a  shift  in  the 
opposite  direction  is  observed. 

A  more  detailed  account  of  this  experiment  including  a 
theoretical  analysis  and  interpretation  of  the  observations  is 
shortly  to  appear  in  print  [4], 

Conclusions 

We  have  reported  a  first  attempt  to  measure  the  ion 
temperature  in  the  tokamak  TCA  by  collective  Thomson  scattering 
of  far  infrared  radiation.  The  ion  temperature  has  been  obtained 
by  fitting  theoretical  spectra  with  T|  as  free  parameter  to  the 
measured  data.  Consistent  temperature  values  in  the  correct 
range  are  obtained,  although  the  precision  is  still  unstatisfactory 
and  a  more  detailed  analysis  of  systematic  errors  has  to  be 
carried  out.  Replacing  the  current  detection  system  with  one 
representing  the  state-of-the-art  would  allow  us  to  measure  the 
ion  temperature  with  a  precision  around  10%. 

A  particular  problem  in  connection  with  this  experiment  has 
been  investigated  in  detail;  the  width  and  stability  of  the  emission 
frequency  of  the  D2O  laser. 


Frequency  and  time-resolved  investigations  of  an  optically 
pumped  FIR  laser  have  been  carried  out  using  a  heterodyne 
receiver  with  spectral  resolution  of  80MHz.  Some  of  the  observed 
effects  can  be  explained,  at  least  qualitatively.  Several  others  are 
not,  at  present,  well  understood. 

Stable  operation  of  the  laser  with  a  spectrally  narrow 
emission  profile  involved  the  following  considerations:  high 
pressure  operation  (about  8Torr)  is  required  for  frequency 
stability.  But  a  compromise  has  to  be  found  if  high  output  power 
is  required  in  addition  to  a  stable  frequency  and  narrow 
bandwidth.  In  our  system  maximum  output  power  is  achieved 
around  4  torr.  Rapid  variations  of  the  pump  power  are 
undesirable  and  could  be  avoided  by  flat-topped  pump  pulse 
shapes,  which  are,  however,  not  easy  to  produce. 

The  pump  Induced  Stark  effect  has  clearly  been  demonstrated. 
However,  the  FIR  power  can  also  shift  the  frequency;  in  fact  for 
certain  combinations  of  the  two  effects  a  shift  in  the  opposite 
direction  to  the  Stark  shift  can  be  obtained. 

A  much  weaker  emission  has  occasionally  been  observed  at  the 
line  center  frequency.  It  is  rapidly  and  efficiently  suppressed  by 
mode  interaction  effects,  except  in  the  case  of  a  multimode  pump. 
If  observable,  the  line  center  emission  also  manifests  a  Stark 
shift  in  the  direction  opposite  to  the  Stark  shift  of  the  Raman 
frequency. 

Saturation  effects  are  observed  at  low,  but  not  at  the  higher 
pressures. 

A  double-humped,  pressure  dependent  temporal  pulse  shape  is 
observed.  Except  at  8  torr  the  trough  between  the  pulses  seems  to 
occur  at  the  time  of  maximum  frequency  shift  and  thus  is 
probably  linked  to  the  buildup  of  new,  shifted  frequencies. 

Repetition  of  these  investigations  with  a  detection  system 
which  allows  resolution  of  individual  modes  (resolution 
10-20MHz)  could  be  extremely  valuable.  Much  of  what  remains 
at  present  somewhat  speculative  could  then  probably  be 
explained. 

And  finally,  as  an  answer  to  the  original  question:  The 
frequency  stability  and  spectral  width  of  our  D2O  laser  are  just 
good  enough  for  the  Thomson  scattering  measurement.  Any 
possible  improvements,  however,  would  be  quite  beneficial. 
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ABSTRACT 

We  report  the  generation  of  1.25  watts  of  CW  laser  power  at  the  119pm  (2522.8  GHz) 
methanol  line.  The  maximum  frequency  fluctuation  of  the  free  running  laser  is  less  than 
±100  KHz  per  hour.  This  laser  has  also  been  tested  on  numerous  other  lines  ranging  from 
403.7  GHz  (HCOOH)  to  5260  GHz  (CH30D)  with  improved  power  and  stability. 

I .  INTRODUCTION 

Within  the  last  few  years,  CO2  pumped  far  infrared  (FIR)  lasers  have  been  improved  to 
generate  higher  CW  output  power.  These  lasers,  used  mainly  in  plasma  diagnostics 
experiments,  have  generated  laser  radiation  close  to  1  watt  CW  at  the  119pm  methanol 
linel.  The  main  objective  in  improving  the  FIR  lasers  has  been,  so  far,  to  increase  the 
output  power  with  little  or  no  attention  to  their  absolute  frequency  stability.  With 
the  development  of  tunable  laser  sidebands  systems  and  their  applications  in  spectroscopic 
studies^ > 3 , 4 ^  the  frequency  stability  of  the  FIR  lasers  has  become  very  important. 
Following  the  work  of  Mansfield  et  al.l  at  Princeton,  we  have  successfully  developed  an 
FIR  laser  which  generates  1.25  watts  CW  laser  radiation  at  the  119pm  methanol  line  with 
CO2  pump  power  of  125  watts.  The  maximum  frequency  drift  of  this  laser  has  been  measured 
to  be  within  +100  KHz  per  hour  at  this  laser  frequency. 

The  details  of  the  design  and  performance  of  this  laser  have  been  published 
previously^.  in  this  paper  we  present  the  main  features  of  this  system. 

II.  DESIGN  PARAMETERS 

The  optical  layout  of  the  system  is  shown  in  Fig.  1  and  a  summary  of  the  laser 


*Presently  with  Sterling  Software  at  NASA  Ames  Research  Center,  Moffett  Field  California 
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TABLE  1.  FIR  LASER  PARAMETERS 


Pumping:  Coaxial,  input  and  output  hole  coupling. 

Pump  optics:  Folded  with  1  m  focal  length  gold  coated 

spherical  copper  mirror. 


Resonator : 


Pyrex,  240  Cm  long,  3.4  Cm  ID.  Coaxial 
water  jacket. 


Input  coupler:  Flat  gold  coated  copper  mirror  with  5  mm 
on  axis  hole.  Water  cooled. 


Output  coupler:  Flat  gold  coated  copper  mirror  with  10  mm 

on  axis  hole  and  a  Z-cut  quartz  window  with 
dielectric  coating.  Water  cooled. 

Adjustments:  Gimbals  (Lansing)  on  input  and  output,  coarse 

and  fine  {EMT,  MPB  Technologies)  length 
adjustments.  All  within  the  lasing  medium, 
no  bellows. 


Windows : 


ZnSe  Brewster  input,  high  density  white 
polyethylene  output. 


III.  POWER  MEASUREMENTS 


All  the  power  measurements  were  done  using  a  Scientech  361  power  meter  with  the 
corresponding  correction  factor  at  119iam  wavelength  as  given  by  Foote  and  Hodges^ . 

We  measured  the  FIR  output  power  vs  the  CO2  pump  power  with  and  without  the 
addition  of  a  buffer  gas.  To  see  the  effect  of  the  resonator  wall  temperature,  the 
temperature  of  the  cooling  water  was  also  varied.  All  the  data  were  taken  at  constant 
SOOym  Hg  methanol  pressure.  Both  the  FIR  cavity  length  and  the  CO2  frequency  were 
adjusted  each  time  to  optimize  the  FIR  power.  The  results  are  plotted  in  Fig.  2. 


Figure  2  -  FIR  laser  power  at  the  119pm  methanol  line  vs  the  CO2  pump  line. 
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As  indicated  by  the  graphs  in  Fig.  2,  the  FIR  output  power  was  increased  by  more  than 
50%  by  the  addition  of  He  as  the  buffer  gas.  This  increase  in  power  is  attributed  to 
breaking  of  the  vibrational  bottle-neck^'^'®.  The  maximum  FIR  power  with  the  addition 
of  He  was  measured  to  be  1.25  watts.  The  optimum  power  was  obtained  with  125  watts 
of  CO2  pump  power,  the  FIR  resonator  wall  temperature  of  5“C,  the  methanol  pressure  of 
lOOpm  Hg ,  and  the  total  methanol  and  He  pressure  of  550pm  Hg .  All  the  power  measurements 
are  consistent  with  the  results  obtained  by  Mansfield  et  al . 

The  FIR  power  was  also  measured  as  a  function  of  the  methanol  pressure  having  a  115 
watts  of  CO2  pump  power.  The  test  was  done  without  the  addition  of  a  buffer  gas  and  the 
peak  power  was  obtained  at  300pm  Hg .  The  results  are  plotted  in  Fig.  3. 

Table  2  is  a  summary  of  the  optimum  power  performance  of  this  laser. 


Figure  3  -  FIR  laser  power  at  the  119vim  methanol  line  vs  the  methanol  pressure  with  115 
watts  of  CO2  pump  power  and  no  buffer  gas. 

TABLE  2  .  POV/LR  PERFOlUiAdCE 


FIR  Power: 

FIR  Frequency: 

Buffer  Gas: 

Methanol  Pressure: 
Pressure  +  He  pressure; 
Resonator  Wall  Temp: 
Pump : 


1.25  Watts  CW  with  He.  0.8  Watts  CW 
without  He . 

2522.8  HGz,  119pm.  Methanol  line 
Helium 

300  micron  Hg . 

550  micron  Hg . 

5  degrees  C. 

CO2 ,  9  P36,  125  Watts.  Locked  to  an 
external  Fabry-Perot  ctalon  (Burleigh 
CFT  500  IR) . 
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IV.  FREQUENCY  MEASUREMENTS 


We  measured  the  frequency  stability  of  the  laser  by  monitoring  the  frequency  of  the 
absorption  line  of  SO2  at  2442.3  GHz.  This  was  done  by  mixing  an  80.5  klystron  with  the 
2522.8  GHz  laser  line  and  generating  sidebands  at  2442.3  GHz  and  2603.3  GHz^ .  Using  the 
lower  sideband,  we  scanned  the  klystron  through  the  absorption  of  SO2  and  measured  the 
line  frequency.  The  measurement  was  repeated  every  15  minutes  for  several  hours  on 
different  days.  By  measuring  the  SO2  line  frequency  as  a  function  of  time,  we  determined 
the  maximum  fluctuation  of  the  laser  frequency  to  be  less  than  ±100  KHz  per  hour. 

We  have  also  tested  this  laser  at  other  laser  lines  with  different  lasing  molecules 
such  as  HCOOH,  CH2F2 ,  CH^OD,  ^^CH^OH,  etc.  all  with  improved  performance.  The  frequency 
fluctuation  of  the  laser  at  lower  frequencies  is  far  less  than  ±100  KHz  per  hour  and  it 
roughly  scales  with  frequency  as  expected.  The  results  are  summarized  in  Table  3. 

TABLE  3.  FREQUENCY  PERFORMANCE 

Stability:  Free  running.  ±100  KHz/hour  maximum  at 

2522.8  GHz  (119  urn  CH3OH) .  (Better  than 
2.5  parts  in  10'.) 

Lasing  Range:  Tested  from  403.7  GHz (HCOOH)  to  5260  GHz 

(CH3OD)  on  discrete  lines. 


V.  SUMMARY 

Far  Infrared  CW  laser  radiation  of  1.25  Watts  has  been  obtained  at  the  llOym 
(2522.8  GHz)  methanol  line  with  a  CO2  pump  power  of  125  Watts.  This  is  the  highest  power 
and  the  conversion  efficiency  reported  to  this  date  on  this  laser  transition.  The 
maximum  frequency  fluctuation  of  the  free  running  laser  is  measured  to  be  less  than 
±100  KHz  per  hour.  The  improved  performance  of  the  FIR  laser  was  achieved  by: 

1)  Using  reflecting  optics  wherever  possible  to  minimize  CO2  mode  degradation  caused  by 
damaged  anti-reflection  coating  of  transmitting  optics.  2)  Enclosing  the  input  and 
output  assemblies  within  the  lasing  medium  to  minimize  the  external  effects  on  the  cavity 
length  as  well  as  eliminating  the  mechanical  instabilities  associated  with  the  use  of 
bellows.  3)  Cooling  the  input  and  output  couplers  to  ensure  frequency  stability. 

4)  Cooling  resonator  wall  to  5°C  and  adding  He  as  the  buffer  gas  to  break  the  vibrational 
bottle-neck.  The  combined  pressure  of  the  CH3OH  and  He  was  about  550um  Hg . 

This  laser,  which  has  also  been  tested  at  other  frequencies  ranging  from  403.7  GHz 
to  5260  GHz  with  improved  results,  will  prove  to  be  essential  in  generating  tunable 
laser  sidebands  for  spectroscopic  measurements  or  other  experiments  which  require  a 
frequency  stable  FIR  source. 
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Abstract 

Far  infrared  lasers  are  useful  research  tools  in  solid  state  physics.  To  underline  this, 
we  discuss  a  number  of  reasons  for  this  usefulness  and  illustrate  these  with  results  ob¬ 
tained  in  our  laboratory.  In  par-*- icular,  EPR  in  rare  earth  compounds  has  been  extended 
to  high  magnetic  fields,  ihis  helps  to  separate  nearby  lines,  to  decompose  complicated  line 
structures,  to  saturate  the  magnetisation  and  to  extend  the  region  in  which  the  energy 
levels  can  be  mapped.  Ferromagnetic  resonance  in  metals  is  illustrated  for  the  case  of 
nickel.  The  effect  of  intrinsic  damping  is  more  pronounced  at  higher  freguencies.  Cyclo¬ 
tron  resonance  in  semiconductors  is  illustrated  for  the  case  of  HgCdTe,  using  an  unconven¬ 
tional  technigue,  i.e.  FIR  thermomodulation.  The  influence  of  high  magnetic  fields  on  the 
antiferromagneti transitions  of  one-dimensional  systems  as  T’lMC  and  CMC  (which  are  exam¬ 
ples  of  one-dimensional  Heisenberg  systems)  were  studied  in  the  FIR.  Organic  crystals 
showing  one-dimensional  behaviour  were  studied  in  the  FIR  for  special  effects  of  a  gliding 
charge  density  wave  on  the  a.c.  conductivity  at  high  freguencies  and  for  the  effect  of  the 
so- tailed  spin  phase  transition. 


Introduction 


Several  interactions  in  the  solid  state  fall  into  the  freguency  range  of  the  far  in¬ 
frared,  broadly  defined  as  the  wavelength  range  between  30  -jm  and  3  mm.  Examples  are  mag¬ 
netic  interactions  between  electron  spins,  related  interactions  with  the  crystal  field, 
e  jrgy  levels  in  semiconductors,  and  the  average  phonon  energy  at  ordinary  temperatures. 
This  research  has  greatly  benefited  from  the  development  of  convenient  sources  of  far  in¬ 
frared  radiation,  together  with  improved  methods  of  detection  and  infrared  optics.  The 
first  practical  far  i-'Trared  laser  was  the  HCN  laser  developed  by  Gebbie  [1].  The  opti¬ 
cally  pumped  FIR  l^^er  was  developed  shortly  afterwar^^s  [2]  and  is  now  in  general  use. 
In  this  device,  laser  action  is  obtained  between  two  rotational  sublevels  of  a  suitable 
vibratioi.  1  level  in  a  molecule.  Excitation  of  this  vibrational  level  is  obtained  by  tu¬ 
ning  the  pump  laser  precisely  to  the  energy  of  this  level.  A  grating  tuned  CC^  laser  is 
commonly  used  for  this  purpose.  A  recent  compilation  [3]  lists  over  3000  FIR  lines  that 
can  be  obtained  in  this  way  in  the  wavelength  range  10.332  urn  to  2.923  mm  with  continuous 
pumping.  This  large  freguency  range,  together  with  reasonable  power  outpu*"  (typically 


Figure  1:  EPR  signal  in  LiTbF^  at  4.2  K, 
showing  hyperfine  structure.  This  was 
taken  with  the  HCN  l-:ser  at  0.337  mm 
wavelength . 
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Figure  2:  The  lowest  energy  levels  in 
LiHoF^  versus  magnetic  field.  The  ver¬ 
tical  lines  indicate  the  observed  tran¬ 
sitions  . 


B,1T) 

Figure  3:  Resonance  signal  in  LiHoF^ 

at  4.2  K,  taken  with  the  optically 
pumped  laser  at  the  0.513  mm  wavelength 
of  HCOOH.  The  signal  corresponds  to 
a  transition  of  the  ground  doublet. 
Two  sets  of  hyperfine  lines  can  be  iden¬ 
tified,  one  in  which  the  nuclear  spin 
is  changed  and  one  in  which  it  is  unaf¬ 
fected. 


10  mW)  and  stability,  make  the  optically  pumped  FIR  laser  an  excellent  tool  for  solid  state 
research.  We  want  to  give  some  general  ideas  on  this  research  and  illustrate  it  with 
examples  from  the  research  done  at  our  laboratory. 


EPR  in  High  Magnetic  Fields 

The  resonance  condition  for  a  paramagnetic  resonance  signal  can  be  written  in  its  most 
simple  form  as 

hv  =  gnj.B  (  1  ) 

where  j  is  the  resonance  frequency,  B  the  magnetic  field  and  g  the  "g-factor"  of  the  spin 
under  study.  There  are  several  reasons  for  using  very  high  magnetic  fields  in  these  expe¬ 
riments: 

i)  The  separation  in  field  between  two  Imes  with  closely  spaced  g-factors  is  in¬ 
creased.  If  a  resonance  signal  is  composed  of  several  lines,  the  study  of  the  diffe¬ 
rent  contributions  becomes  easier  in  a  high  field. 

ii)  If  magnetic  coupling  between  the  different  spins  in  the  solid  is  appreciable,  the 
line  width  may  be  decreased  by  using  high  magnetic  fields.  This  can  be  of  great  help 
in  decomposing  a  complicated  line  structure  e.g.  for  the  analysis  of  hyperfine  split¬ 
ting. 

iii)  In  many  materials  there  is  a  considerable  difference  between  the  applied  magnetic 
field  and  the  actual  field  seen  by  the  ions.  This  difference  is  related  to  the  mag¬ 
netization  in  the  sample;  it  becomes  constant  in  sufficiently  high  magnetic  fields 
where  the  magnetization  is  saturated.  The  correct  g-factor  can  be  obtained  from  the 
slope  of  the  resonance  field  versus  frequency  in  the  high  field  range. 

iiii)  The  analysis  of  a  complex  energy  level  structure  is  easier  when  the  behaviour  of 
the  resonances  can  be  followed  over  a  larger  field  range. 
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In  very  high  magnetic  fields,  the  resonance  frequencies  are  usually  shifted  into  the  far 
infrared.  Thus  the  optically  pumped  FIR  laser  is  a  most  suitable  source  of  radiation  in 
the  high  field  range. 

This  can  be  illustrated  with  experimental  results  obtained  at  our  laboratory.  For 
fields  below  7  T,  we  use  a  superconducting  magnet  and  bolometer  detection  of  the  chopped 
laser  radiation.  For  higher  fields  up  to  50  T,  a  pulsed  magnet  is  used.  The  very  high 
power  required  to  generate  such  strong  magnetic  fields  is  obtained  from  the  discharge  of 
a  capacitor  bank  (5  kV,  50-1000  kJ)  .  Instead  of  continuous  cooling,  the  coil  is  precooled 
by  liquid  nitrogen,  and  the  energy  is  absorbed  adiabatically  by  the  heat  capacity  of  the 
coil.  The  field  is  recorded  by  an  inductive  probe,  calibrated  with  the  DPPH  resonance, 
and  the  infrared  radiation  is  measured  by  a  fast  detector  (InSb,  GaAs  and  Ge:Ga).  Recent¬ 
ly,  experimentation  and  data  reduction  has  been  greatly  facilitated  by  digital  recording 
and  data  processing. 

Fig.  1  shows  the  EPR  signal  of  LiTbF,,  [4].  Thanks  to  the  relatively  high  magnetic 
field,  the  lines  are  sufficiently  narrow  to  observe  the  hyperfine  structure. 

The  energy  level  structure  of  LiHoFu  is  shown  in  fig.  2.  The  doublet  and  the  two  lowest 
singlets  are  in  the  range  of  our  d.c.  spectrometer.  A  typical  experimental  result  is  shown 
in  fig.  3  [5] . 

The  complicated  energy  level  structure  of  LiErF^  has  been  studied  in  both  d.c.  and  pul¬ 
sed  magnetic  fields  [6].  The  results  are  shown  in  fig.  4  together  with  theoretical  pre¬ 
dictions  . 

A  number  of  unexpected  effects  have  already  been  observed:  crystal  deformations  in 
TmVO^  [7]  and  non-stoichiometry  in  DyAlG  [8].  These  effects  could  only  be  seen  in  the  far 
infrared  part  of  the  spectrum. 


Figure  4:  Measured  energy  levels  versus  magnetic 
field  in  LiErF^  (dots).  The  full  lines  indicate 
the  theoretial  behaviour. 
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Ferromagnetic  Resonance  in  Metals 

In  all  the  ferrromagnetic  metals  of  the  3d  group,  the  intrinsic  damping  of  the  ferro¬ 
magnetic  resonance  absorption  is  proportional  to  the  frequency  j  .  This  type  of  damping 
is  described  by  the  Landau-Lifshitz  damping  parameter  A: 

dM/dt  =  A/(YM2)MxdM/dt  (2) 

where  M  is  the  magnetization,  y  gyromagnetic  ratio  and  the  saturation  magnetiza¬ 
tion.  The  Landau-Lifshitz  parameter  does  not  depend  on  the  frequency;  for  most  of  the  3d- 
metals  it  is  only  slightly  dependent  on  the  temperature. 

In  order  to  retrieve  the  intrinsic  lifetime  of  the  ferromagnetic  magnon  modes  from  the 
lineshape  of  the  FMR  absorption,  additional  contributions  to  the  line  shape  must  be  taken 
into  account.  Due  to  eddy  currents  induced  by  the  motion  of  the  magnetization  there  is 
an  additional  damping  which  is  proportional  to  ,/oj  .  The  effect  of  the  intrinsic  damping 
is  more  pronounced  at  high  frequencies  and  thus  at  high  magnetic  fields  because  it  is  pro¬ 
portional  to  U'. 

Our  measurements  at  fields  up  to  35  T  show  that  the  temperature  dependence  of  the  Lan¬ 
dau-Lifshitz  damping  is  reduced  at  higher  frequencies  (Fig.  5  )  .  At  microwave  frecfuen- 
cies  the  Landau-Lifshitz  damping  at  low  temperatures  is  8  times  stronger  than  at  room  tem¬ 
perature.  At  469  GHz  and  at  685  GHz,  this  ratio  is  3.0  and  2.0,  respectively. 

Several  theories  were  developed  to  explain  this  behaviour.  Our  results  are  in  best 
agreement  with  the  theory  of  Korenman  [9].  He  showed  that  the  Landau-Lifshitz  damping  is 
due  to  the  relaxation  of  the  conduction  electrons  if  the  Fermi  surface  is  strongly  depen¬ 
dent  on  the  direction  of  the  magnetization.  This  damping  mechanism  is  proportional  to  the 
dynamic  conductivity  which  is  limited  -  due  to  the  anomalous  skin  effect  -  to  a  value  pro¬ 
portional  to  the  cube  root  of  the  frequency.  This  theory  fits  our  results  at  FIR  frequen¬ 
cies  as  well  as  those  obtained  at  microwave  frequencies.  This  particular  damping  mechanism 
becomes  important  in  Ni  at  temperatures  below  150  K  and  is  limited  at  around  70  K  as  the 
propagation  constant  bottoms  out  sooner  and  therefore  the  increase  in  damping  at  lower  tem¬ 
peratures  is  reduced. 


Figure  6:  Thermomodulation  voltage  versus 
magnetic  field  of  HgCdTe,  measured  with  the 
optically  pumped  laser. 


Figure  5;  Landau-Lifshitz  damping  parameter  as  a  function  of  temperature.  Data  with  *  and 
o  are  at  425  GHz  and  693  GHz,  respectively.  The  full  line  approximates  the  microwave  data. 
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Semiconductors 


In  semiconductor  physics,  FIR  radiation  is  used  in  the  first  place  to  study  cyclotron 
resonance  of  conduction  electrons.  The  resonance  frequencies  give  information  on  the  ef¬ 
fective  mass  of  different  types  of  charge  carriers  and  on  the  non-parabolicity  of  the  ener¬ 
gy  bands.  The  measurement  of  the  linewidth  is  a  contactless  method  for  determining  the 
electrical  resistivity.  The  first  experiments  were  done  in  1956  on  inSb  [10].  A  great 
many  experimental  results  have  been  published  since  then  [11],  and  the  technique  was  exten¬ 
ded  into  the  megagauss  range  [ 12 ] . 

At  our  laboratory,  we  recently  measured  cyclotron  resonance  in  the  narrow  gap  semi¬ 
conductor  HgCdTe  in  an  unconventional  way  i.e.  by  means  of  FIR  thermomodulation.  As  the 
sample  is  heated  locally  by  the  chopped  laser  beam,  this  results  in  an  oscillatory  thermo¬ 
electric  voltage  across  the  sample.  At  resonance,  more  radiation  is  absorbed  and  thus  the 
heating  and  the  thermoelectric  voltage  is  increased,  resulting  in  fairly  strong  resonance 
signals  with  a  good  signal-to-noise  ratio.  By  changing  the  chopper  frequency,  it  can  be 
verified  that  the  signal  is  indeed  of  thermal  origin  and  not  photovoltaic  which  would  not 
show  the  thermal  inertia.  A  typical  result  is  shown  in  fig.  6.  The  resonances  at  0.66  T 
can  be  identified  as  conduction  electron  resonance  with  an  effective  mass  of  7x10*’  m  . 
The  resonance  at  0,43  T  can  be  interpreted  as  a  resonance  between  impurity  levels.  How¬ 
ever,  it  cannot  be  completely  excluded  that  this  second  resonance  is  due  to  a  second  laser 
line  which  is  simultaneously  excited  by  the  same  pump  line.  This  occasional  ambiguity  is 
one  of  the  drawbacks  of  the  optically  pumped  FIR  laser. 

In  a  FIR  transmission  experiment,  several  resonances  in  a  ptype  GaAs/GaAlAs  heterojunc¬ 
tion  were  observed  [13].  These  experiments  were  done  in  both  pulsed  and  d.c.  fields;  expe¬ 
rimental  results  are  shown  in  fig.  7.  Besides  cyclotron  resonance,  both  spin-flip  and  har¬ 
monic  transitions  have  been  identified,  and  there  are  a  few  resonances  at  the  highest 
fields  that  have  not  yet  been  theoretically  explained.  These  experiments  are  still  in  pro¬ 
gress  and  will  be  extended  to  include  heterostructures  and  semimagnetic  semiconductors. 


Low  Dimensional  Systems 

TMMC  (tetramethyl  ammonium  trichloromanganate)  and  CMC  (cesium  manganese  chloride)  are 
examples  of  one-dimensional  Heisenberg  systems.  These  were  studied  in  the  temperature 
range  from  4.2  to  300  K,  in  order  to  observe  the  influence  of  very  high  magnetic  fields 
on  the  antiferromagnetic  transition  [15].  Due  to  the  strong  absorption  at  resonance,  the 
line  shape  is  strongly  distorted,  and  there  is  a  “forbidden"  region  with  total  reflection. 
Another  distortion  of  the  lineshape  results  from  the  fact  that  the  sample  dimensions  are 
larger  than  the  wavelength.  An  example  of  an  experimental  recording  is  shown  in  fig.  a . 

A  class  of  materials  which  promises  interesting  results  in  the  FIR  resonances  are  the 
organic  crystals.  Many  of  these  behave  as  quasi-onedimensional  systems.  They  exhibit 
a  rather  peculiar  behaviour  of  the  electrical  conductivity  as  a  function  of  temperature. 
Tentative  explanations  for  this  are  given  in  terms  of  phase  transitions.  These  inlcude 
transitions  from  insulator  to  semiconductor  and  further  to  metallic  behaviour.  In  some 
cases  a  superconducting  state  has  been  demonstrated.  EPR  at  FIR  frequencies  could  be  a 


Figure  7:  Magnetotransmission  spectra  of  a  GaAs/GaAlAs- 
heterojunction  at  helium  temperature. 
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Figure  8:  Absorption  spectra  of  TMMC  with  the 
magnetic  field  parallel  to  the  c-axis,  using 
the  HCN  laser  at  0.337  mm  wavelength. 


Figure  9:  The  most  pronounced  of  several  fea¬ 
tures  seen  in  the  transmission  spectrum  of 
[Pd(C5Hj2N2)  ]Brj  ,7  at  1.5  K,  using  the  optical¬ 
ly  pumped  FIR  laser  at  the  1.899  mm  wavelength 
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valuable  tool  to  investigate  the  so-called  spinphase  transition,  manifest  as  a  change  in 
the  magnetic  susceptibility.  This  transition  can  occur  at  different  temperatures  than 
those  where  the  conductivity  changes.  Furthenaore,  there  is  a  theoretical  prediction  that 
effects  of  a  gliding  charge  density  wave  could  become  visible  in  the  FIR.  We  are  currently 
studying  [PdCCgHj^N^)  ]Brj  ,7,  a  mixed  valence  palladium  complex  of  cyclohexanediamine.  A 
preliminary  study  has  revealed  interesting  features  in  the  transmission  vs.  magnetic 
field.  The  most  pronounced  of  these  is  shown  in  fig.  9. 
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Abstract 


Submillimeter  wavelengths  (0.1  mm  -  1  mm)  are  particularly  suitable  for  the 
interferometric  measurement  of  electron  density  in  magnetically  confined  plasmas.  The  most 
commonly  used  sources  are  optically  pumped  molecular  lasers  such  as  the  CO2  laser  pumped 
formic  acid  and  menthol  vapour  lasers.  It  is  shown  that  a  formic  acid  vapour  laser  can  be 
operated  simultaneously  on  three  lines  of  a  rotational  cascade  sequence.  As  there  is  an 
almost  constant  difference  in  frequency  between  adjacent  cascade  transitions  for  the  nearly 
symmetric  top  formic  acid  molecule,  a  low  frequency  mixing  product  at  about  1  MHz  is 
produced  when  the  three  lines  are  incident  on  a  non-linear  detector  such  as  a  Schottky  diode 
Utilisation  of  this  phenomenon  to  achieve  a  phase-modulated  interferometer  is  proposed  and 
the  design  of  such  an  interferometer  is  discussed. 


Introduction 


The  submillimeter  wavelength  region  of  the  electromagnetic  spectrum  (0.1  mm  <  A  <  1  mm) 
is  particularly  suitable  for  the  interferometric  measurement  of  electron  density  of 
magnetically  confined  plasmas  encountered  in  controlled  fusion  research.  The  wavelength  is 
sufficiently  short  that  beam  bending  by  density  gradients  is  negligible;  on  the  other  hand 
the  wavelength  is  sufficiently  long  for  fringe  shifts  of  the  order  of  1  -  10  fringes  to  be 
generated  in  typical  situations. 

A  common  technique  is  to  use  an  interferometer  where  the  phase  difference  between  the  two 
arms  is  modulated^  at  a  frequency  of  -vlO  kHz  -  IMHz.  This  can  be  achieved  by  generating 
two  beams  at  different  frequencies,  fi  and  fa.  As  shown  in  Fig  1,  one  beam  (fi)  passes 


Fig.  1  A  phase-modulated  interferometer  using  two  beams  of  different  frequencies. 
One  beam  (fi)  passes  through  the  plasma  while  the  other  (fa)  follows  a 
reference  path.  The  line  integral  of  electron  density  along  the  beam  path 
fnrough  the  plasma  is  determined  by  comparing  the  fringes  from  detector  D? 
with  reference  fringes  from  detector  Dj. 
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through  the  plasma  while  the  other  (f2)  traverses  a  reference  path.  The  two  beams  are  then 
combined  and  detected  by  a  square  law  detector.  In  the  absence  of  the  plasma,  there  is  a 
constant  rate  of  change  of  phase  of  one  beam  with  respect  to  the  other  leading  to  a  beat 
signal  from  the  detector  at  the  difference  frequency,  fi  -  f^.  When  the  plasma  is  present 
any  change  in  electron  density  causes  a  change  in  phase  of  the  beam  passing  through  the 
plasma  which  in  turn  causes  a  change  in  the  phase  of  the  beat  signal.  If  some  of  the  input 
radiation  at  each  frequency  is  split  off  to  produce  reference  fringes  using  a  second 
detector  (see  Fig.  1) ,  the  line  integral  of  electron  density  along  the  beam  path  through  the 
plasma  can  be  determined  by  comparing  the  phases  of  the  two  beat  frequency  signals. 

An  interferometer  of  this  kind  has  been  used  by  Veron^  who  produced  a  beam  at  an  offset 
frequency  by  splitting  off  some  of  the  laser  beam  and  reflecting  it  from  a  rotating  grating, 
in  this  way  two  beams  with  a  frequency  difference  of  up  to  about  1  MHz  can  be  obtained  using 
a  single  laser.  A  similar  result  has  been  obtained  by  Wolfe  et  al^  who  used  twin  CH3OH 
lasers  pumped  by  a  single  grating  tuned  CO2  laser.  By  careful  control  of  the  small 
difference  in  resonator  length  between  the  two  lasers,  two  beams  wxth  a  constant 
frequency  difference  of  the  order  of  1  MHz  were  produced. 

This  paper  describes  a  method  of  obtaining  a  phase-modulated  interferometer  using  a 
single  optically  pumped  formic  acid  (HCOOH)  vapour  laser  operating  simultaneously  on  three 
lines  of  a  cascade  sequence.  Phase  modulation  at  a  frequency  of  ~1  MHz  is  achieved  as  a 
result  of  the  mixing  of  the  three  lines  in  a  non-linear  detector. 


The  Laser 


The  COj  laser  pumped  formic  acid  vapour  laser  has  four  strong  lines  at  394  urn,  419  urn, 
and  513  urn.  In  each  case,  as  a  result  of  an  absorption  line  of  the  HCOOH  molecule  closely 
coinciding  with  a  CO2  laser  line,  molecules  are  excited  from  a  rotational  sublevel  of  the 
ground  vibrational  state  to  a  rotational  sublevel  J  of  an  excited  vibrational  state  thereby 
creating  a  population  inversion  between  rotational  levels  J  and  J-1  as  shown  in  Fig.  2.  It 
is  also  possible  that,  due  to  rotational  relaxation,  population  inversions  may  be  produced 
for  cascade  transitions  i.e.  between  rotational  levels  J-1  and  J-2,  J-2  and  J-3,  etc. 


excited 

r 

A  2 

;  A, 

CO  2  pump 

ground 

vibrational  state 


Fig.  2  Energy  levels  for  an  optically  pumped  submillimeter  laser. 

The  HCOOH  laser  used  for  these  studies  is  pumped  by  a  30  W  beam  from  a  grating  tuned  CO; 
laser  focused  through  a  small  hole  in  one  of  the  resonator  reflectors,  a  polished,  gold- 
plated  copper  mirror.  The  other  reflector,  the  output  coupler,  is  an  aluminium  strip 
grating'  deposited  on  a  fused  quartz  substrate,  the  rear  surface  of  which  is  coated  with  a 
layer  of  Teflon  approximately  one-quarter-wavelcngth  thick  to  minimise  the  effect  of 
multiple  reflections  of  the  submillimeter  beam  within  the  substrate.  The  output  coupler  is 
mounted  on  a  translation  stage  which  is  driven  axially  to  acquire  laser  resonator 
interferograms  ( submil 1 imeter  output  power  as  a  function  of  cavity  length).  A  Pyrex 
waveguide  of  length  1.5m  and  internal  diameter  48  mm  was  used  in  these  studies.  A  detailed 
account  of  the  performance  of  the  laser  is  available  elsewhere  . 
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Decreasing  laser  resonator  length 


Fig.  3  Laser  interf erogram  for  a  HCOOH  laser  pumped  by  the  9R(20)  line  of  the 

CO2  laser.  In  addition  to  modes  of  the  directly  pumped  433  pm  line  this 
shows  the  EHn  mode  (arrowed)  of  its  446  pm  cascade  partner. 


At  submillimeter  wavelengths,  where  the  separation  between  adjacent  laser  cavity  modes  is 
much  greater  than  the  linewidth  of  the  lasing  transitions,  laser  action  is  usually  possible 
on  only  one  transition  and  mode  at  a  time.  Figure  3  shows  a  laser  resonator  interferogram 
when  the  laser  is  pumped  by  the  9R(20)  line  of  the  CO2  laser,  the  large  peaks  being  due  to 
the  EHii  dielectric  waveguide  mode  of  the  433  pm  transition  which  is  directly  pumped  by  the 
CO2  laser.  However,  it  is  evident  that  lasing  also  occurs  on  its  446  pm  cascade  partner 
(the  EHii  mode  of  the  446  pm  line  is  arrowed  in  Fig.  3).  The  presence  of  another  lasing 
wavelength  is  easily  detected  due  to  the  different  spatial  periodicity  of  its  modes  in  the 
interferogram.  It  is  clear  that  when  lasing  occurs  simultaneously  on  both  transitions  the 
total  output  power  increases  to  a  level  significantly  greater  than  the  sum  of  the  powers  of 
each  transition  lasing  alone.  This  effect,  which  can  be  used  as  a  means  of  extracting  more 
power  from  the  laser,  is  discussed  at  length  elsewhere*. 


When  the  cavity  is  simultaneously  resonant  for  the  same  waveguide  mode  of  two  different 
transitions  the  cavity  length  must  be  equal  to  half-integer  multiples  of  the  wavelengths 
for  each  transitions.  Thus  for  wavelengths  Xi  and  \z,  simultaneous  resonances  will  occur 
for  cavity  lengths  which  are  separated  by  intervals  of 

X1X2 


2(Xi  -  X2) 

For  the  two  lines  under  consideration  this  interval  is  equal  to  7.3  mm. 

Figure  4  shows  a  Fabry-Perot  interferometer  scan  of  the  laser  output  when  the  cavity 
length  is  set  to  a  value  corresponding  to  the  largest  peak  in  Fig.  3.  A  third  line  which 
is  at  a  measured  wavelength  of  460.5  ±  1.0  pm  is  also  present.  This  wavelength  is  consistent 
with  the  calculated  value  of  460.004  pm  for  the  next  cascade  transition  obtained  by 
Dangoisse  et  al^.  The  simultaneous  resonance  of  these  three  wavelengths  in  the  laser 
resonator  is  a  result  of  almost  constant  difference  in  frequency  between  adjacent  cascade 
transitions  for  the  nearly  symmetric  top  HCOOH  molecule.  Similar  results  have  been  observed 
for  the  cascade  sequences  starting  with  the  394  pm  and  419  pm  transitions  but  not  for  the 
cascade  sequence  commencing  with  the  513  pm  transition*.  In  each  case,  no  evidence  was 

found  of  the  third  transition  of  the  cascade  sequence  lasing  alone,  suggesting  that 

stimulated  emission  on  the  transition  above  was  necessary  for  achieving  a  population 
inversion . 

When  all  three  lines  of  a  cascade  sequence  are  allowed  to  fall  on  a  non-linear  detector 
such  as  a  Schottky  diode  many  mixing  products  are  generated.  If  fi,  f2,  fj  are  the 

frequencies  of  the  three  l^nes  there  will  be  a  mixing  product  at  frequency  fi  -  2f 2  +  fa 

arising  from  the  fourth  order  term  in  the  Taylor  expansion  of  '-he  diode  characteristic  about 
the  bias  point.  Because  of  the  almost  constant  difference  in  frequency  between  adjacent 
cascade  transitions  for  HCOOH,  fi-  1 2  •xi  1 2  -  ^  ^  and  as  a  consequence  the  frequency  of  this 
mixing  product  will  be  very  low.  For  all  three  sets  of  cascade  sequences  this  frequency 
has  been  measured  to  be  ~1  MHz. 
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Decreasing  Fabry-Perot  spacing 


Fig.  4  Fabry-Perot  interf erogram  of  the  submillimeter  laser  output  when  the 

resonator  length  is  adjusted  to  be  resonant  simultaneously  for  both  the 
433  pm  and  446  pm  transitions.  (This  is  length  which  corresponds  to 
highest  peak  in  Fig.  3.) 


Application  to  Interferometry 

It  is  proposed  that  a  HCOOH  laser  operating  simultaneously  on  three  lines  of  a  cascade 
sequence  be  used  as  the  basis  for  a  phase-modulated  interferometer  as  shown  in  Fig.  5.  The 
beam  from  the  laser,  consisting  of  three  frequencies,  f^  >  f2  >  fa,  is  split  into  two 
beams.  One  beam  is  incident  upon  a  Fabry-Perot  etalon  which  allows  passage  of  f2  only 
through  the  plasma,  rejecting  fi  and  fa.  The  other  beam  is  incident  upon  a  Fabry-Perot 
etalon  which  allows  passage  of  fi  and  fa  while  rejecting  fa.  The  beams  are  recombined  for 
detection  by  a  Schottky  diode  or  some  other  non-linear  detector  (Da).  A  time  varying  phase 
change  (fiCt)  due  to  the  plasma  will  appear  as  a  phase  change  of  2<p{z)  in  the  beat  frequency 
signal  from  the  detector  at  frequency  fi-2f2+f3.  A  reference  beat  frequency  signal  can 
be  readily  generated  by  splitting  off  some  of  the  original  beam  to  a  second  detector  (Dj)  as 
shown  in  Fig.  5.  Comparison  of  the  zero  crossing  times  of  the  two  beat  signals  allows 
to  be  determined  with  a  time  resolution  equal  to  the  beat  frequency  period. 


Fig.  5.  Schematic  diagram  of  an  interferometer  using  simultaneous  triple  cascade 
operation  to  achieve  phase  modulation.  FPl  is  a  Fabry-Perot  etalon  which 
passes  f2  and  rejects  fi  and  fs  while  FP2  is  a  Fabry-Perot  etalon  which 
passes  fi  and  f 3  and  rejects  52. 


As  the  beat  frequency  is  the  result  of  differences  amor  much  higher  frequencies,  very 
small  changes  in  these  frequences  will  result  in  significant  change  in  the  beat  frequency. 
Changes  in  the  laser  output  frequencies  will  occur  due  to  frequency  pulling  offocts’’^ 

associated  with  any  variation  in  formic  acid  vapour  pressure  (which  affects  the  Q  of  the 

pressure  broadened  rotational  transitions)  and  any  variation  in  cavity  length  (which  affects 
the  cavity  resonance  frequency).  However  as  such  frequency  changes  will  occur  on  a  time 

scale  long  compared  to  the  beat  period,  they  are  not  expected  to  be  a  problem. 
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Conclusion 


It  has  been  shown  that  it  is  possible  to  operate  an  optically  pumped  formic  acid  vapour 
submillimeter  laser  simultaneously  on  three  lines  of  a  rotational  cascade  sequence.  These 
three  lines  produce  a  beat  frequency  in  a  non-linear  detector  at  about  1  MHz.  A  phase- 
modulated  interferometer  for  the  measurement  of  plasma  electron  density,  based  on  this 
phenomenon,  has  been  proposed. 
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Abstract 


Three  IR  and  FIR  based  diagnostics  will  be  developed  and  installed  on  the  Advanced 
Toroidal  Facility  (ATF)  at  ORNL.  An  interferometer  operating  at  119  urn  will  measure  plasma 
density  along  14  vertical  chords  across  the  plasma  cross-section.  A  small-angle  Thomson 
scattering  experiment  using  a  10.6-pm  pulsed  laser  will  determine  the  feasibility  of 
measuring  alpha  particle  distribu-^ions  in  a  burning  plasma.  Plans  are  being  developed  for 
installing  an  FIR-based  scattering  experiment  on  ATF  to  measure  density  fluctuations. 

Introduction 


New  fusion  devices  are  being  designed  and  constructed  which  place  demanding  requirements 
on  the  design  and  operation  of  laser  based  plasma  diagnostics.  Increased  plasma  densities, 
density  gradients,  and  surface  curvature  are  pushing  the  usable  wavelengths  toward  smaller 
values  in  order  to  avoid  serious  refraction  effects.  Most  severely  affected  is  the  FIR 
interferometer  system  because  of  the  critical  nature  of  the  beam  path.  New  interferometer 
systems  are  being  developed  at  Oak  Ridge  National  Laboratory  (ORNL)  for  use  on  the  next 
generation  of  plasma  devices. i  A  system  has  been  designed  and  is  being  installed  on  the 
Advanced  Toroidal  Facility  (ATF)  that  is  based  on  a  high  power  FIR  lasers  system  operated 
at  119  (im.  Development  work  is  underway  on  an  IR  system  at  10.6  pm  for  installation  on  the 
Compact  Ignition  Tokamak  (CIT)  and  other  burning  plasma  devices. ^ 

Many  of  the  new  generation  of  plasma  devices  will  have  sufficient  density  and  tempera¬ 
ture  to  be  near  or  in  the  burning  plasma  regime.  In  these  devices  alpha  particle  produc¬ 
tion  and  heating  will  play  a  major  role  in  the  physics  of  fusion  confinement.  To  assess 
the  effects  of  alpha  particles  several  alpha  particle  specific  diagnos.ics  are  being 
developed.  At  ORNL  a  pulsed  carbon  dioxide  laser  source  and  a  complex  filter  and  receiver 
system  is  being  developed  and  tested  for  use  in  measuring  small-angle  Thomson  scattering 
from  plasma  electrons  which  will  prove  the  feasibility  of  using  a  similar  system  for 
measuring  alpha  particle  distributions  in  a  burning  plasma.^ 

To  understand  the  important  role  that  ion  waves,  density  fluctuations,  and  ICH  driven 
waves  play  in  confinement  and  heating  in  a  fusion  device,  direct  measurements  must  be  made 
of  these  properties.  Future  plans  for  the  ATF  device  include  installation  of  an  FIR  scat¬ 
tering  experiment  to  fill  these  needs.  Several  options  are  being  considered  and  which 
design  will  be  chosen  will  depend  on  budget  levels,  time  restraints,  and  needs  of  the 
experiment 


Interferometer 


The  laser  source  for  the  interferometer  system  is  a  dual  optically  pumped  FIR  cavity 
system.  The  carbon  dioxide  pump  lasers  are  illustrated  in  Fig.  1  and  feature  a  modular 
design,  no  internal  Brewster  windows,  ground  potential  end  electrodes,  and  a  fully  isolat- 
able  center  high-voltage  section.  Preliminary  tests  have  shown  stable  operation  on  the  9P36 
line  at  power  levels  in  excess  of  150  W.  External  optics  for  the  pump  laser  beam  are  all 
reflective  to  eliminate  distortion  from  the  effects  of  high  power  on  transmission  optics. 
The  FIR  cavities  are  240  cm  in  length  and  2.3  cm  internal  diameter.  Output  powers  on  a 
daily  basis  exceed  1  W  cw  with  maximum  power  levels  reaching  1.26  W.  External  Stark  cell 
stabilization  provides  stable  output  for  periods  in  excess  of  two  hours. 
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OAS  IN 


Fig.  1.  Modular  CO2  laser  design  capable  of  150  W  cw  output  on  the  9P36  line. 


The  laser  systems  are  located  on  the  ground  floor  two  levels  belcv  the  floor  of  the  ATF 
device  (Fig.  2).  Beams  are  focused  through  a  12-in. -diam.  pipe  to  the  ATF  area  and  the 
main  beam  is  refocused  onto  a  set  of  beam  expansion  optics  (Fig.  3)  located  on  an  18  ft 
high  stand  directly  over  the  upper  vacuum  interface  window.  The  expanded  beam  measures 
approximately  2  cm  by  45  cm.  After  passage  of  the  beam  through  the  plasma  and  the  lower 
window  the  beam  is  combined  with  the  reference  beam  which  has  gone  through  a  similar  set  of 
optics.  An  array  of  optical  elements  divides  the  beam  into  14  separate  channels  and 
focuses  each  channel's  beam  onto  the  corresponding  Schottky  diode  detector.  A  portion  of 
the  probe  beam  is  split  off  prior  to  going  through  the  plasma  and  is  mixed  with  the 
reference  beam  to  provide  a  reference  for  the  phase.  Data  will  be  analyzed  by  the  Vax  com¬ 
puter  network  and  the  resulting  temporal  density  profile  will  be  available  to  experimental 
users  immediately  after  the  shot. 


Fig.  2.  Installation  layout  of  the 
FIR  interferometer  system  on  ATF. 


Fig.  3.  Optics  configuration  for  the 
FIR  interferometer  to  be  installed  on  ATF. 


Alpha  Particle  Diagnostics 

A  diagnostic  system  for  the  measurc-ment  of  fusion  product  alpha  particles  is  under 
development  at  ORNL.  The  purpose  of  the  diagnostic  is  to  measure  the  density  and  velocity 
distribution  of  fusion  product  alpha  particles;  the  slowing  down  of  these  particles  from 
their  initial  3.5  MeV  energy  is  crucial  in  a  fusion  reactor  to  heat  the  fuel  and  maintain 
ign i t ion  . 

The  diagnostic  is  based  upon  the'  Thomson  scattering  of  10.6  pm  CO2  laser  radiation 
(Fig.  4).  A  high  power,  long  pulse,  CO2  lase?r  as  a  source  for  this  radiation  has  bee'n 
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Fig.  4.  Schematic  of  the  alpha  particle  diagnostic  system. 


constructed  and  tested.  Initial  tests  of  a  commercial  TEA  103  laser  modified  by  the  addi¬ 
tion  of  a  low  pressure  cell  within  the  cavity  produced  8  Joule  pulses  up  to  2  psec  long. 
This  laser  used  unstable  resonator  optics  which  generated  a  small  beam  divergence  (2  x  10““* 
radians).  However,  a  single  wavelength  could  not  be  consistently  produced.  This  problem 
was  solved  by  removing  the  low  pressure  cell  and  injecting  a  low  power,  cw,  grating  tuned, 
waveguide  CO2  laser  through  a  small  hole  in  the  back  optic.  This  technique  produced  the 
same  results  for  the  pulsed  laser  as  the  low  pressure  cell  operation  except  the  wavelength 
was  now  consistently  fixed  at  10.6  gm. 

Detection  of  the  scattered  radiation  is  to  be  made  with  a  series  of  heterodyne  detectors 
which  make  use  of  the  lengthened  laser  pulse  to  improve  the  signal-to-noise  ratio.  The 
local  oscillator  for  each  detector  is  to  be  a  separate  laser  with  a  wavelength  near  the 
10.6  |im  CO2  laser.  The  spectrum  of  the  scattered  radiation  will  then  be  measured  by  the 
selection  of  a  series  of  local  oscillators.  To  measure  the  alpha  particle  velocity  distri¬ 
bution  will  require  observation  of  approximately  a  20  GHz  shift  from  the  10.6  pm  source. 
Tests  of  the  detector  subsystem  have  found  that  with  commercially  available  detectors  (here 
used  as  mixers),  the  heterodyne  quantum  efficiency  can  exceed  40%. 

Thomson  scattering  which  is  characteristic  of  the  alpha  particle  velocity  distribution 
will  only  occur  at  small  angles  (typically  1").  This  requires  a  special  consideration  in 
maintaining  detector  alignment  and  a  reduction  of  stray  laser  radiation.  To  maintain 
alignment,  an  automatic  tracking  system  is  being  designed  which  also  serves  the  dual  func¬ 
tion  of  supplying  a  continuous  calibration  of  the  detector  quantum  efficiency. 

To  reduce  the  stray  laser  radiation,  an  absorption  cell  consisting  of  hot  CO2  gas  is 
being  developed.  Tests  of  a  prototype  cell  were  able  to  reduce  stray  laser  radiation  by  a 
factor  of  20  with  negligible  (<1%)  reduction  of  signal  from  a  black  body  source;  the 
heterodyne  local  oscillator  for  this  test  was  a  sequence  band  CO2  laser  line  shifted  11  GHz 
from  tie  source  CO2  line,  thus  representing  a  central  frequency  of  the  alpha  particle 
spectrum . 


Far  Infrared  Scattering 

The  need  for  more  information  about  the  role  played  by  fluctuations  and  plasma  wave  phe¬ 
nomenon  in  the  confinement  <jf  a  fusion  grade  plasma  has  encouraged  interest  in  a  scattering 
experiment  which  can  characterize  the  parameters  involved.  So  far  scattering  expel iments 
have  been  limited  and  little  data  has  been  gathered  from  any  major  confinement  device  ttiat 
was  well  enough  diagnosed  to  provide  adequate  information  for  complete  analysis.  A  far- 
infrared  scattering  device  is  being  designed  to  diagnose  the  ATF  device.  Because  of  the 
magnetic  field  configuration  and  the  limited  access  to  the  plasma  there  will  be  severe 
limitations  to  the  design  and  capabilities  of  the  system.  However  progress  has  been  made 
in  evaluating  the  requirements  and  a  preliminary  design  is  underway. 


Conclusions 

During  a  perioa  of  time  when  construction  was  underway  on  the  ATF  device,  development 
work  was  done  on  providing  three  new  diagnostic  systems  capable  of  yielding  data  on  den¬ 
sity,  f luc t\ia t ions ,  and  alpha  particle  production.  Each  of  these  systems  will  exceeded  the 
available  state-of-the-art  design  limitations  and  will  provide  a  new  level  of  diagnostic 
support  for  fusion  energy  research. 

References 


W.  H. 

Interf 

Martin 

C.  H. 

Polar i 
Plasma 

R.  K. 

Part  ic 
Scatte 
Inc., 

W.  H. 

Expert 


Casson ,  D.  P. 
erometer  for 
Martin  Marie 
Ma  and  D.  P. 
meter  System 
Physics,  APS 
Richards ,  K. 
le  Measuremen 
ring ,  ORNL/TM 
Aug.  1987, 
Casson,  Far- I 
ments,  Ph.D. 


Hutchinson,  C.  H.  Ma ,  and  J.  Lee,  Development  of  an  FIR 
ATF ,  to  be  published  as  an  ORNL/TM  report.  Oak  Ridge  Natl.  Lab., 
tta  Energy  Systems,  Inc. 

Hutchinson,  "Feasibility  Study  of  an  Infrared  Interferometer/ 
for  CIT,"  presented  at  the  29th  Annual  Meeting  of  the  Division  of 
,  San  Diego,  Calif.,  Nov.  1987. 

L.  Vander  Sluis,  and  D.  P.  Hutchinson,  Feasibility  of  Alpha 
t  in  a  Magnetically  Confined  Plasma  by  CO?  Laser  Thomson 
-10363,  Oak  Ridge  Natl.  Lab.,  Martin  Marietta  Energy  Systems, 

nfrared  Scattering  or.  ELMO  Bumpy  Torus  and  Impurity  Study 
dissertation.  University  of  Tennessee,  1985. 


FRONTIER  OF  ULTRAFAST  LASER  TECHNOLOGY  AND  APPLICATIONS 


R.  R.  Alfano 

Institute  for  Ultrafast  Spectroscopy  and  Lasers 
Photonics  Application  Laboratory 
Departments  of  Physics  and  Electrical  Engineering 
The  City  College  of  New  York 
New  York,  NY  IOO31 

Abstract 


Ultrafast  laser  technology  encompasses  both  the  generation  and  diagnostic  techniques  of  picosecond  (lO"'^  3) 
and  femtosecond  (10”*®)  laser  pulses,  and  their  applications  in  direct  temporal  studies  of  extremely  rapid 
phenomena  in  nature.  The  new  frontier  in  optics  emerged  with  the  discovery  of  high-power  picosecond  light 
pulses  in  1966,  and  developed  by  the  ever  enthusiastic  search  for  increasingly  higher  temporal  resolution  has 
evolved  over  the  last  two  decades  to  the  point  where  pulses  as  short  as  6  fs  have  been  generated.  This 
presentation  highlights  the  state  of  ultrafast  pulse  generation  and  detection,  reviews  some  key  spectroscopic 
techniques,  and  describes  self  and  coupled  modulations  and  laser  cancer  diagnosis. 

Introduction 

Many  fundamental  processes  in  the  submlcroscopio  world  are  extremely  rapid  ranging  from  femtoseconds  to 
picoseconds.  From  such  primary  processes  as  transfer  of  excitation  in  the  visual  pigment  that  initiates 
vision,  to  such  exotic  events  as  electron-momentum  relaxation  in  semiconductors,  there  is  a  plethora  of  these 
ultrafast  phenomena  in  various  disciplines  of  science  and  engineering. *•*  The  relevant  time  scales  of  a  number 
of  these  processes  from  many  diverse  fields  are  presented  in  Table  1 : 

Table  1.  Relevant  Time  Scales  of  Typical  Fast  Processes 


EVENT 

TIME(S) 

Biology 

Vision 

-10”“  - 

lO”*’ 

Photosynthesis,  relaxation  processes 

Electron  transport  steps  in  reaction  centers 

-10”’  - 
-10-‘» 

io->» 

Chenistry 

Singlet-triplet  nonradlatlve  transition 

Molecular  reorientation  in  solvents 

-lO”*'  - 
-10”'* 

10”*’ 

Photodissociation,  photoionization 

-10”*^  - 

10”*’ 

Solvent  caging,  H-bonding 

-10”*’  - 

lO”'" 

Transition  state 

-10”*^  - 

10”“ 

Physics 

Thermalizatlon  of  hot  electrons 

Vibrational  dephasing  in  excited  molecules 
Fluorescence  risetime 

Relaxation  of  electron-momentum  distribution 
Electron-electron  and  electron-hole  scattering 
Electronic  cloud  deformation 

210"” 

aio”*’ 

-3x10”*’ 

-2x10-'’ 

-lO”*’ 

-10”*’ 

A  major  breakthrough  in  clocking  fast  events  in  the  time  domain  occurred  in  1966  with  the  discovery  of 
mode-locked  glass  lasers  producing  light  pulses  several  picoseconds  in  duration.  The  advent  of  high  power 
picosecond  pulses  in  turn  revolutionized  the  field  of  nonlinear  laser  spectroscopy.  Many  nonlinear  effects  in 
condensed  matter,  unobserved  in  the  past,  were  discovered  which  in  turn  helped  the  generation  of  even  shorter 
pulses.  One  particularly  major  example  which  has  shaped  the  growth  of  ultrafast  laser  technology,  is  the 
discovery  in  1970  of  self  phase  modulation  (SPM)  responsible  for  the  generation  of  ultrafast  white  light  or 
supercontinuum  pulses. Self  phase  modulation  has  turned  out  to  be  a  key  process  for  femtosecond  pulse 
generation.  Methods  of  mode-locking  developed  rapidly,  and  by  1972  continuously  mode-locked  dye  lasers  were 
producing  pulses  on  the  order  of  a  picosecond.  This  laser  was  improved  further  leading  to  the  (■  'eratlon  of 
pulses  shorter  than  a  picosecond  in  197A.  The  development’  of  the  colliding-pulse  mode-locking  technique  in 
1981  pushed  the  limit  of  attainable  pulse  widths  even  shorter  to  less  than  100  fs.  Novel  shaping  and  pulse 
compression  techniques’  have  led  to  the  shortest  reported  optical  pulse  width  of  8  fs  and  now  down  to  6  fs! 

The  field  of  ultrafast  laser  spectroscopy  developed  to  clock  extremely  fast  events  directly  in  the  time 
domain. *>*'’  Over  the  past  two  decades  an  Impressive  amount  of  new  information  on  rapid  phenomena  in  matter, 
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including  molecular  dynamics  in  liquids,  relaxation  and  transfer  of  excitation  in  physical  and  biological 
systems,  kinetics  of  chemical  reactions  has  been  obtained  using  sophisticated  and  novel  optical  techniques. 
While  the  early  picosecond  research  could  prov  Je  qualitative  information  and  set  limits  for  some  of  these 
processes,  higher  resolution  and  better  tech..*ques  today  make  detailed  quantitative  studies  possible.  A 
history  of  the  progress  achieved  in  the  capability  of  measuring  faster  events  with  increasing  temporal 
resolution  is  presented  in  Fig.  1. 


Fig.  1  Progress  in  measuring  time. 

New  frontiers  in  Ultrafast  Laser  Spectroscopy  will  undoubtedly  arise  with  the  discovery  of  new  phenomena. 
It  has  the  potential  to  revolutionize  the  testing  of  high-speed  electronic  devices,  refine  our  understanding  of 
quantum  and  optics  theories,  increase  data  transmission  capacity  in  optical  communication  using  coupled 
modulation,  open  new  fields  in  optical  switching  and  computing,  and  medical  diagnosis.  We  will  focus  some  of 
the  clocking  methods,  describe  applications  of  nonlinear  coupled  phase  modulations  and  cancer  medical 
diagnosis. 


Ultrafast  Spectroscopic  Techniques 

In  order  to  clock  extremely  rapid  phenomena  in  nature  several  general  ultrafast  interrogation  techniques 
have  been  developed  and  successfully  used.  These  are  streak  camera,  optical  Kerr  gate,  up-conversion  gate, 
excite-and-probe  technique  and  transient  grating  method,  to  name  a  few.  In  this  section  we  present  a  brief 
description  of  only  the  streak  camera,  optical  Kerr  gate,  and  excite  and  probe. 

A.  The  Streak  Camera 


The  technique  most  widely  used  for  ultrafast  luminescence  measurements  incorporates  a  streak  camera. In 
this  technique,  shown  in  Fig.  2,  light  emitted  from  a  sample  photoexcited  by  an  ultrafast  laser  pulse,  is 
focused  on  to  a  photocathode.  Photoelectrons  are  released  by  the  photocathode.  The  flux  of  electrons 
emitted  is  proportional  to  the  light  intensity  hitting  the  photocathode.  These  electrons  are  accelerated  and 
then  deflected  by  an  applied  voltage  which  sweeps  the  electrons  across  a  phosphor  screen.  The  electrons 


released  at  different  times  from  the  photocathode  strike  the  phosphor  screen  at  different  positions.  This 
causes  a  track,  or  streak,  which  has  a  spatial  intensity  profile  directly  proportional  to  the  incident  temporal 
intensity  profile  of  the  luminescence.  This  phosphorescent  streak  is  then  analyzed  electronically  by  a  video 
system.  In  one  shot,  a  complete  fluorescence  profile  in  time  can  be  measured.  The  temporal  resolution  of 
streak  cameras  commercially  available  approach  one  half  a  picosecond  with  UV  or  IR  spectral  sensitivity. 


Fig.  2  Schematic  diagram  of  streak  camera 

B.  The  Optical  Kerr  Gate 


The  earliest  ultrafast  luminesctnce  studies  utilized  the  optical  Kerr  gate’  which  consists  of  a  Kerr  active 
liquid,  such  as  carbon-disulfide  (CSj),  situated  between  two  crossed  polarizers  (see  Fig.  3).  Because  of  the 
crossed  polarizers  the  gate  Is  naturally  closed.  Under  the  action  of  an  intense  electric  field  associated 
with  an  ultrafast  laser  pulse,  the  molecules  of  the  liquid  experience  a  short-lived  induced  birefringence. 
This  causes  light,  which  happens  to  be  passing  through  the  Kerr  shutter  at  the  same  time  as  the  laser  pulse, 
to  become  elliptioally  polarized.  A  portion  of  this  elliptically  polarized  light  is  then  able  to  pass  through 
the  Kerr  gate.  Thus,  light  can  only  pass  through  the  gate  when  It  temporally  coincides  with  the  intense 
gating  laser  pulse.  The  intense  laser  pulse  can  be  used  to  carve  out  successive  portions  of  the  temporal 
profile  of  the  emitted  luminesc.-nce  by  varying  the  delay  time  of  the  gating  pulse,  using  a  movable  prism. 
Typically,  this  takes  100  measurements  to  form  an  intensity  profile  in  time.  A  wavelength  spectra,  at  a  given 
delay,  is  obtained  by  using  a  spectrometer  and  video  system. 


KERR  SHUTTER 
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The  resolution  of  the  optical  Kerr  gate  depends  upon  the  duration  of  the  gate  pulse  and/or  the 
reorientation  time  of  the  molecules  of  the  active  Kerr  medium.  For  CSj,  one  of  the  fastest  Kerr  active  media 
available,  the  reorientation  time  is  2  piccceconds.  Using  polymers  the  resolution  can  be  on  the  order  of  100 
fs. 


C.  Excite-and-Probe  Technique 

The  excite-and-probe  technique  is  a  sensitive  spectroscopic  technique  to  study  the  kinetics  of  the  excited 
states  of  matter. In  excite-and-probe  measurements,  two  incidejit  ultrashort  light  pulses  spatially 
overlap  on  the  sample  under  investigation.  The  intense  pump  pulse  excites  the  sample.  The  changes  initiated 
in  the  sample  by  the  pump  pulse  are  monitored  by  the  weaker  probe  pulse.  The  time  evolution  of  the  excited 
state  is  investigated  by  varying  the  time  delay  between  the  pump  and  the  probe  pulses.  The  probe  pulse  may 
be  used  to  monitor  such  processes  as  induced  absorption,  bleaching,  induced  Raman  scattering... 

Excite-and-probe  technique  has  been  widely  used  to  study  the  time  behavior  of  excited  states  of  a  variety 
of  biological,  chemical  and  physical  systems.  Although  the  basic  principle  is  the  same,  there  is  a  wide 
variation  of  the  experimental  arrangement.  The  pump  and  the  probe  pulses  may,  in  principle,  be  derived  from 
two  different  lasers,  but  for  picosecond  or  femtosecond  applications  it  is  extremely  difficult  to  synchronize 
the  timing  of  the  two  pulses  to  below  5  ps.  So,  for  ultrashort  time  resolution  both  the  pump  and  the  probe 
pulses  arc  generally  derived  from  the  same  p,  iiric.;  j  laser  pulse  to  give  femtosecond  resolution.  Nonlinear 
frequency  shifting  techniques  like  harmonic  generation,  sum  and  difference  frequency  generation,  stimulated 
Raman  scattering,  ultrafast  supercontinuum,  to  be  described  next,  are  used  to  generate  the  pump  and  the  probe 
pulses  of  desired  frequency.  If  time  and  wavelength  resolved  absorption  spectra  of  excited  states  are 
required  the  probe  pulse  may  be  frequency  broadened  by  self-phase  modulation  in  a  suitable  media.  The  excited 
state  is  interrogated  by  the  ultrafast  supercontinuum  probe  pulse  and  a  spectrograph  or  an  optical 
multichannel  analyzer  is  used  for  recording  the  absorption  spectrum.  A  simultaneous  three-dimensional 
recording  of  intensity,  time  and  wavelength  is  thus  obtained  with  a  resolution  of  -  20  fs. 

Applications 


A.  Self  and  Coupled  Modulations 


Nonlinear  optics  is  an  important  field  of  science  and  engineering  because  it  can  generate,  transmit  and 
control  the  spectrum  of  laser  pulses  in  solids,  liquids,  gases,  and  fibers.  When  an  intense  laser  pulse 
propagates  through  such  materials,  it  changes  the  refractive  index.  This  in  turn  changes  the  phase,  amplitude, 
and  frequency  of  the  incident  laser  pulse.  A  phase  change  can  cause  a  frequency  sweep  within  the  pulse 
envelope.  This  process  is  called  self-phase  modulation  (SPM)  and  is  shown  in  Fig.  4. 

Fig. 4:  Self-phase  modulation:  index  change,  time  derivative 
of  index,  and  frequency  chirp  in  time. 

Photons  at  the  laser  frequency  can  also  parametrically 
generate  photons  at  Stokes  and  anti-Stokes  frequencies  in  an 
angular  pattern  due  to  the  required  phase  matching  condition. 
The  four-photon  parametric  generation  process  usually  occurs 
together  with  the  SPM  process.  These  processes  are  mainly 
responsible  for  generation  of  the  ps-fs  white  light 
supercontinuum  (see  Laser  ’85). 


When  two  laser  pulses  of  different  wavelengths  propagate 
simultaneously  in  a  condensed  medium,  coupled  interactions 
(cross  modulation  and  gain)  occur  through  the  nonlinear 
susceptibility  coefficients."  These  coupled  interactions  of 
two  different  wavelengths  can  introduce  phase  modulation, 
amplitude  modulation,  and  spectral  broadening  in  each  pulse 
due  to  the  other  pulse. We  will  discuss  three  recent 
observations  of  spectral  broadening  arising  from  the  coupled 
interaction  of  two  laser  pulses  with  different  wavelengths. 
These  processes  have  been  termed:  cross  phase  modulation  and 
induced  phase  modulation. 


SPM 


When  a  coherent  vibrational  mode  is  excited  by  a  laser, 
stimulated  Raman  scattering  (SRS)  occurs.  SRS  is  an  important 
process  which  competes  with  and  can  couple  with  SPM.  The 
interference  between  SRS  and  SPM  which  causes  the  change  of 
the  emission  spectrum  and  the  phase  modulation  of  pulse 
envelopes  is  called  cross-phase  modulation  (XPM).  The 
Stokes  pulse  broadens  due  to  a  combination  of  XPM  and  Raman 
parametric  amplification.  The  spectral  broadening  measured 
about  the  SRS  wavelengths  in  liquids  and  recently  in  glass 
fibers  originates  from  both  SPM  and  XPM  processes.® 
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Another  important  spectrally  broadened  process  similar  to  XPM  is  called  the  induced  phase  modulation 
(IPM).  The  experimental  arrangement  of  this  process  is  similar  to  the  optical  Kerr  effect,  namely,  a  weak 
pulse  at  a  different  frequency  propagates  through  a  disrupted  medium  whose  index  of  refraction  is  changed  by 
an  intense  laser  pulse.  The  phase  of  the  weak  optical  field  can  be  modulated  by  the  time  variation  of  the 
index  of  refraction  originating  from  the  primary  intense  pulse.  Both  the  weak  and  strong  pulses  are  produced 
outside  the  medium  and  can  be  controlled  by  the  researcher.  (See  article  by  Ho  and  Alfano  in  Laser  '87,  this 
conference  for  details.) 

The  spectral  broadening  of  picosecond  and  femtosecond  laser  pulses  is  called  the  supercontinuum  in 
condensed  matter  due  to  SPM  covers  a  frequency  band  up  to  10,000  cm“‘  from  uv  to  IR  with  picosecond  to 
femtosecond  pulse  durations.  Over  the  years,  this  ultrafast  supercontinuum  pulse  source  has  been  applied  to 
time  resolved  absorption  spectroscopy,  nonlinear  optical  effects,  pulse  compression,  squeeze  states,'”  and 
fiber  diagnostics.’  The  frequency  broadened  pulses  can  play  an  important  role  in  ranging,  imaging,  remote 
sensing,  communications,  and  other  fields."  It  is  a  key  process  behind  the  generation  of  8-fs  laser  pulses.” 
The  newly  observed  induced  spectral  broadening  due  to  XPM  and  IPM  has  important  features  for  communications 
and  signal  processing  by  allowing  pulse  coding  in  different  frequency  regions  and  solitons  generation.  On  the 
one  hand,  SPM,  XPM,  and  IPM  in  optical  fibers  could  be  a  source  of  noise  on  signals  due  to  interference  in 
multi-band  communications  and  signal  processing  applications.  It  could  be  used  to  code  and  switch  information 
from  one  frequency  to  another.® 

B.  Time  Resolved  Fluorescence  Spectroscopy  from  Lung  and  Breast  Cancer  Tissues 


Recently,  there  have  been  major  breakthroughs  in  the  use  of  laser  spectroscopy  as  a  unique  and  sensitive 
approach  to  reveal  changes  in  the  physical  and  chemical  properties  that  occur  in  healthy  and  abnormal  cells  in 
tissues.  Alfano  and  coworkers'®’'"  have  established  that  the  fluorescence  spectroscopy  and  fluorescence 
recombination  relaxation  times  from  malignant  and  normal  rat  tissues  were  different.  The  differences  were 
attributed  to  the  transformations  of  local  environment  surrounding  the  fluorophors  assigned  to  be  flavins  and 
porphyrins  in  the  normal  and  cancerous  rat  tissues.  Most  recently,  we  have  extended  our  laser  spectroscopy 
research  from  animal  to  human  tissue®. Three  different  wavelengths  were  used  to  photo-excite  the  spectra 
from  normal  and  tumor  lung  tissues.  The  fluorescence  kinetics  from  lung  tissues  was  also  measured. 

An  Argon  Ion  laser  beam  at  51‘i.5  nm,  nm  and  *157. 9  nm  was  focused  on  the  front  surface  was  collected 
and  focused  into  the  entrance  slit  of  a  double  spectrometer.  The  output  of  the  PMT  was  connected  to  a  lock- 
in-amplifier  and  an  X-Y  recorder  combination  to  display  each  spectrum.  Picosecond  time  resolved  fluorescence 
measurements  were  performed  using  a  streak  camera  system  and  8-ps  pulse  at  530  nm  from  a  mode-locked  glass 
laser.  The  tissue  samples  were  solid  chunks,  not  cut  to  any  particular  specificity  and  were  a  few  millimeters 
thick.  No  chemicals  or  dyes  were  added. 

Typical  fluorescence  spectra  from  normal  (N)  and  tumor  (T)  human  lung  tissues  are  shown  in  Fig.  5.  The 
principal  spectral  peaks  excited  at  **57.9  nm  are  located  at  **96  nm,  for  normal  tissues,  and  at  503  nm  for 
tumor  tissues,  respectively.  There  is  one  subsidiary  maximum  located  at  about  605  nm  in  the  normal  lung 
tissue  spectra.  The  turn  r  tissue  spectra  only  showed  a  monotonic  decrease  with  less  structure.  Similar 
results  are  obtained  for  **88  and  51  **.5  nm  and  for  breast  tissues. 

The  fluorescence  profiles  in  time  for  spectral  band  at 
wavelength  center  at  600  nm  excited  by  8  picosecond  530  nm 
laser  pulse.  The  profiles  were  found  to  be  nonexponential 
in  time.  To  fit  the  curves,  a  double  exponential 
I(t)»Afe"^''^'*f ^  +  Age"^t/Ts)  gged  where  Tf  and  Tg  are  the 
decay  times  for  the  fast  and  slow  components.  The 
fluorescence  decay  times  of  the  fast  and  slow  components 
from  the  normal  lung  were  about  220  ps  and  2650  ps, 
respectively,  while  the  fluorescence  decay  time  of  the  fast 
and  slow  components  for  the  tumor  tissue  of  the  lung  were 
about  120  ps  and  2600  ps,  respectively. 

The  experimental  results  using  **57.9  nm  excitation  for 
lung  tissues  Indicate  about  7  nm  spectral  red  shift  from 
normal  to  tumor  lung  tissue  spectrum.  A  red  shift  of  6  nm 
was  also  observed  using  **88  nm  and  51  **.5  nm  excitation.  A 
blue  shift  was  observed  in  rat  kidney  tissue.  The  tumor 
lung  tissue  spectra  are  much  smoother  than  normal  lung 
tissue  spectra.  The  lack  of  structure  at  605  nm  in  tumor 
tissue  may  be  associated  with  intensity  and  bandwidth 
increase  of  the  second  band  at  wavelength  center  at  555  nm 
or  decrease  in  the  native  porphyrins.  The  observed  6  nm  red 
shifts  of  the  main  peak  and  the  smoothing  of  spectra  for 
tumor  lung  tissues  are  attributed  to  the  physiological  and 
biochemical  transformation  of  the  lung  cells  from  the 
normal  tissues.  The  observed  red  shifts  in  the  main  maxima 
of  the  human  lung  tumor  spectra  suggest  an  accumulation  of 
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Figure  S':  Steridy  state  la.aer  fluorescence 
spectra  of  hiinaii  lung  tissues:  labeled  (a) 
LN=-normdl  (17mw)  and  (b)  LT«tumor  (lOmw) 
excited  by  'iSl.d  nm,  ■  nv  s  ens  i  1 1  vi  t  y . 
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negative  charge  ions  in  the  malignant  cells'  intracellular  environment.  The  flavin  band  observed  for  the 
normal  breast  tissue  near  the  515  nm  peak  exhibits  a  blue  shift  of  about  10  nm  in  the  tumor  tissue  spectra. 
This  is  opposite  to  the  red  shift  observed  for  lung  tissues.  This  blue  shift  may  suggest  a  buildup  of  positive 
ions  in  the  breast  tumors.  The  time-resolved  fluorescence  shows  that  the  decay  time  of  tumor  tissues  is 
faster  than  that  of  normal  tissues.  This  suggests  an  enhancement  of  the  nonradiative  processes  in  tumors. 

Research  at  the  lUSL  is  supported  by  AFOSR,  ARO,  NASA,  NSF,  ONR,  SDIO,  and  Photonics  Management  Corporation. 
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APSTPACT 


Time-resolved  absorption  using  probe  wavelengths  of  2.5  -  5.5  um  has  been  used  to  study 
photoexcitations  of  the  quasi-one-dimensicnal  semiconductor,  trans-polyacetylene.  The 
experiment  has  0.5  ps  resolution,  sufficient  to  observe  a  0.5  -  1  ps  decay  of  photogenerated 
Su-Schrief fer  charged  soliton  pairs  which  form  after  intrachain  electron-hole  pair  excita¬ 
tion.  The  decay  is  nonexponential  and  due  to  geminate  recombination.  The  tunability  of  our 
infrared  probe  permits  us  to  observe  spectral  relaxation  during  solition  formation  which 
corresponds  to  conformational  equilibration  of  the  solitons.  Saturation  of  the  absorption 
is  due  to  volume  filling  of  the  lattice  by  charged  solitons  and  provides  an  estimate  of  the 
third  order  nonlinear  susceptibility  of  trans-polyacetylene. 

I.  Intrcducticn 


The  phctoexcitations  of  organic  semiconductors  are  very  different  from  the  traditional 
electron  and  hole  picture. i  The  quasi  one-dimensional  nature  of  organic  polymer  chains 
leads  to  a  strong  propensity  for  free  electrons  and  holes  to  be  dressed  by  the  lattice  and 
to  form  quasiparticles  such  as  polarons  and  bipolarons.  In  trans-polyacetylene,  the  unique 
symmetry  between  degenerate  ground  states  permits  charged  soliton  pairs  to  be  the  energetic¬ 
ally  preferred  excitations .2  These  take  the  form  of  mobile  domain  walls  between  the  two 
ground  states  (bond  alternation  phases)  coexisting  on  a  single  chain.  The  existence  of 
photogenera*' ed  charged  solitons  has  now  been  well  documented^  >“*  experimentally.  They  are 
characterized  by  a  midgap  absorption  around  0.5  eV .  Studies  of  the  picosecond  dynamics  of 
that  absorption^ have  established  that  both  intrinsic^  and  defect  mediated^  mechanisms 
contribute  to  charged  soliton  photogeneration.  The  intrinsic  solitons  are  from  intrachain 
electron-hole  pair  excitations  as  described  by  Su  and  Schrieffer.2  Previous  work  suggests 
that  these  form  In  <10-12  seconds^  >8  and  decay  in  ~0.5  ps.8  The  purpose  of  the  present 
paper  is  to  investigate  the  formation  and  decay  of  these  photogenerated  lattice 
deformations . 

In  order  to  measure  these  directly,  we  have  developed  an  apparatus  capable  of  monitoring 
subpicosecond  transient  absorption  in  the  mid-infrared  where  charged  solitons  absorb.  In 
section  II,  the  apparatus  is  described  in  detail.  Results  on  both  the  spectroscopy  and 
dynamics  of  the  photoinduced  midgap  absorption  in  trans-(CH)y  are  presented  in  section 
III.  These  are  obtained  with  0.5  ps  time  resolution  and  interpreted  in  terms  of  formation 
and  decay  of  charged  solitons. 

I T  .  Experimental 

The  experiments  were  all  performed  on  thin  films  (<1000A)  of  Shirakawa  pol yacet y lene^  on 
glass  slides.  These  are  grown  as  cis-polyacetylene  and  thermally  iscmerized  to  the  trans 
form.  The  chain  directions  are  thought  to  be  primarily  in  the  plane  of  the  substrate  but  to 
be  isotropically  distributed  in  that  plane  over  the  laser  spot  size  (~1  mm).  The  samples 
are  sealed  under  vacuum  in  glass  ampules  and  studied  at  room  temperature.  It  was  previously 
determined  that  there  was  very  little  temperature  dependence  to  the  behavior  of  the 
photoinduced  absorption  in  question.® 

The  method  we  have  chosen  to  generate  probe  frequencies  in  the  mid-infrared  is  based  on 
the  technique  of  optical  parametric  generation  in  nonlinear  crystals.  Instead  of  building 
up  from  vacuum  noise,  however,  we  "seed"  the  parametric  conversion  with  a  white  light 
continuum  generated  by  self-phase  modulation  of  intense  light  in  a  water  cell.  This  permits 
us  to  use  short  crystals  so  that  group  velocity  dispersion  does  not  degrade  our  time 
resolution  . 

A  schematic  of  the  apparatus  is  shown  in  Figure  1,  and  a  detailed  description  can  be  found 
elsewhere  .1 8 , 1 1  A  dye  laser  is  synchronously  pumped  by  a  fiber  compressed  and  frequency 
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doubled  CW  modelocked  Nd+^iYAG  laser.  The  dye  laser  operates  around  585  nm  and  has  pulses 
of  <0.3  ps  duration  and  InJ  energy  with  a  repetition  rate  of  8?  MHz.  A  dcublf'  0-switched 
Nd+^cYAG  laser  is  synchronized  to  select  10  pulses  p‘T'  second  for  amplification  to  the 
millijoule  level.  Spatial  filtering  and  saturable  absorbers  are  used  to  discriminate 
avainst  amplified  spontaneous  emission  and  380  fs  pulse  durations  are  routinely  obtained  for 
the  amplified  pulses. 


Figure  1.  Schematic  of  seeded  parametric  amplifier  and  transient  absorption  apparatus. 

The  amplification  process  is  essential  to  the  wide  tunability  of  our  infrared  probe  since 
it  makes  continuum  generations^  possible.  This  broadband  continuum  extends  from  <300  rm  to> 
1  wm  and  can  be  difference  frequency  mixed  with  a  portion  of  the  amplified  585  nm  beam  in  a 
0.5  mm  LiI03  crystal  cut  at  21°  to  its  optic  axis.  Infrared  pulses  of  picojoule  energies 
tunable  between  2.5  um  and  5.5  um  are  obtained  by  parametric  down  conversion.  The  tuning  is 
accomplished  by  adjusting  the  LiI03  crystal  angle,  thereby  selecting  a  portion  of  the  white 
light  continuum  which  is  phase  matched  with  the  monochromatic  beam.  The  bandwidth  of  the 
infrared  probe  is  determined  by  phase  matching  and  is  approximately  300  cm~^  at  3  ym. 

A  portion  of  the  amplified  585  nm  beam  is  used  as  a  pump  to  generate  charge  soliton  pairs 

in  the  sample.  The  infrared  beam  is  overlapped  with  the  pump  on  the  sample  with  variable 

delay  to  measure  the  soliton  dynamics.  One  InSb  photcdetector  monitors  the  transmitted 

infrared  radiation  and  a  second  monitors  a  portin  of  the  incident  beam  so  that  normalization 
of  pulse  to  pulse  fluctuations  is  possible.  Photoinduced  absorptions  of  are  readily 

studied  . 

I T I  .  Results 

Figure  2  illustrates  the  photoinduced  change  in  infrared  transmission  for  Si  (a)  and 

trans-(CH)x  (b).  The  transmission  drop  in  Si  is  primarily  due  to  free  carrier  absorption 
and  its  onset  is  presumed  to  represent  the  instrumental  resolution  of  the  apparatus.  The 
free  carriers  ar®  long-lived  (ns)  so  that  the  derivative  of  th.e  absorption  turn  on  should  be 
the  cross-correlation  between  visible  and  infrared  pulses.  The  probe  wavelength  of  2.8  um 
(.44  eV)  is  at  the  maximum  of  the  charged  soliton  absorption  as  determined  in  previous 

work."*"^  Figure  2(b)  shows  that  the  absorption  onset  in  polyacetylene  is  instrumentally 

limited  and  that  the  fall  occurs  in  <1  ps ,  but  in  a  non-exponential  manner.  The  rise  of 
<<0.5  ps  is  consistent  with  the  predictions  of  numerical  simulat  ions^  i  t  '  1  based  on  the 

Su-Schrief fer-Heeger  Hamiltonian^**  which  show  that  the  domain  walls  form  in  ~100  f s .  The 
rapid  decay  of  these  pairs  suggests  geminate  recombination  of  the  charged  solitons  by  an 
electron  hop  as  discussed  by  Kivelson  and  Wu .  *  ^  From  our  data,  we  e-stimate  the  survival 
probability  of  charged  soliton  pairs  to  10  ps  to  be  .02  ±  .04.  Fewer  than  five  percent 
escape  and  their  cent  r  i  but  ion  to  phot  f’'’'indiicf  i  vi  t  y  on  timescales  >1o  nj  1=  ques  t  i  onab  1  e  . '  R 
The  non-exponential  decay  has  been  ascribed  to  one  dimensional  diffusion  limited 
recombination  kinetics.*^ 
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Figure  2.  (a)  Photoind uoed  transmission  decrease  due  to  free  carrier  generation  in  Si. 

Pump  wavelength  is  565  nra  and  probe  wavelength  is  2.8  urn. 


PUMP-PROBE  DELAY  (ps) 

Figure  2.  (b)  Photoinduced  transmission  decrease  due  to  charged  soliton  pairs  in  trans¬ 
polyacetylene.  Pump  wavelength  is  585  nm  and  probe  wavelength  is  2.8  ym.  Zero 
of  time  is  chosen  arbitrarily  as  maximum  of  photoinduced  absorption. 


In  previous  work,^!^  we  showed  that  the  spectrum  of  Su-Schrief fer  charged  soliton  pairs 
at  5  ps  ws  clo'^9  to  that  of  isolated  charged  cclitonc  observed  milliseconds  ^foer  photoexci¬ 
tation. This  is  consistent  with  the  idea  that  the  charged  solitons  are  well  formed  within 
about  100  fs  and  do  not  interact  very  strongly. 


Figure  3  iiiustrates  that  wf>  ran  cbFervr  l^v  i  at  i  rnr-  frorr  the  irrlit.ej  r,  lit,;n  rpe-r  r'ij>r, 
with  our  improved  time  resolution.  Our  spectral  measurements  to  the  re  )  the  ‘■■ik  are 

limited  by  the  glass  substrate.  The  data  are  taken  by  acoumulating  '•  ar,  ;■  i t  o  deriy  sjrves 
each  wavelength  to  guard  against  artifacts  due  to  group  ve-li:oity  i  i  o :  rr.- i ,  n  in  trie  ro n  t  i  n  ii  ur 
and  angle  tuning  of  the  crystal.*’  When  the  pulses  are  !  emp.T’ar'i  1  y  '■  ve  r' 1  a  p  re  )  ,  i  rie  rpeiru": 

is  significantly  red  shifted.  By  500  fs  delay,  when  the  pump  and  probe  pulses  are  well 

resolved,  the  spectrum  has  relaxed  tc  its  long  time  value.  We  believe  that  the  r-ed  sriifl  at 
short  times  has  tc  do  with  observing  the  lattice  prior  to  its  con  format  i  ana  1  relaxation  t 
pair  of  well  formed  charged  solitons.  As  demonstrated  t-y  the  simulations  of  hisriof.  .-t 
al.,’3  the  solituri  electrcnio-  levels  split  off  from  valence  and  conduction  tan  is  ar,  i  re,,  ’hi' 
their  midgap  positions  within  100  fs.  This  would  produce  ro-d  shifted  atc.rpsi  -no  at  time;- 
<100  fs  which  we  would  not  be  able  to  time  resolve.  It  is  poss^ible  tiiat.  the  re  i  arsorpt  ion 

has  tc  do  with  shape  distortion  of  the  solitons  due  to  hivh  initial  vei'oi*y  r 

population  of  internal  vibrational  degrees  of  freedom,  but  we  consider  ttiesc  t"  r,.  [e.-.'- 

1 i kel y  . 


.35  .40  .45  ,50  .55 

PROBE  PHOTON  ENERGY  (eV) 


Figure  3.  Spectral  relaxation  of  the  transient  madgap  absorption  in  trans-polyacetylene . 

Signals  at  a  each  delay  are  normalized  to  the  photoinduced  absorption  at  0.44  eV 
(2.8  um)  .  The  dashed  line  represents  the  millisecond  delav  nhctoinduced 
absorption  as  obtained  from  reference  iS. 


Shank  et  al.*^  did  photoinduced  absorption  experiments  probing  between  0.8  and  1.4  eV ,  and 
have  observed  a  similar  red  shift  in  that  band  edge  transient  absorption  at  short  times. 
They  did  not  assign  the  absorption  band  and  ascribed  the  spectral  relaxation  to  cooling.  We 
believe  that  these  concomitant  rapid  decays  of  red  shifted  absorption  support  the 
pi c t ure® t ’ ^  I  ’  ^  of  the  1.4  eV  transient  as  bound  neutral  soliton  pairs  formed  by  rapid 

geminate  recombination  of  separating  charged  soliton  pairs.  The  red  shifted  absorption  of 
neutral  soliton  pairs  would  be  associated  with  charged  solitons  which  recombine  before  their 
conformation  relaxation  to  equilibrium  has  occurred.  This  supports  cur  previous 
conclusion^  that  Su-Schrieffer  solitons  are  a  precusor  to  the  1.4  eV  transient. 

In  our  previous  work,  we  established  that  the  transient  midgap  absorption  dynamics*’  and 
transient  bleaching  recovery  dynamics®  were  similar.  This  is  merely  a  reflection  of  thr 
high  quantum  yield  for  charged  soliton  pair  generation.  The  onset  of  .saturation  of  the 
absorption  and  bleaching  also  occur  at  the  same  intensity,  and  we  have  shown  the  saturation 
mechani'^ra  to  be  volume  (phase  space)^®  filling  by  charged  sol  itons .  **  >  **  ’  From  the  magni¬ 
tude  of  the  bl'^aching  we  can  estimate  the  value  of  to  be  ~10~®  esu.  The  large 

susceptibility  ha.s  to  do  with  the  fact  that  the  solitons  are  delocalized  so  that  “ach 

absorbed  photon  creates  two  solitons  which  occupy  some  30  lattice  sites  and  perturb  an  even 
longer  length  of  chain.  The  low  saturation  intensity  and  rapid  recovery  of  the  ab.sorption 
make  this  type  of  system  an  excellent  candidate  for  optical  switching  applications. 
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Transient  absorption  measurenr^nts  with  s  ..t  rs  resolution  anh  probr  wa  v  >=>  1  ■  h  s  ir  *  hf 
miT-infro  'ed  have  been  use  !  t  o  stuhy  th^-  forTiation  an  I  't<^'’ay  of  phc f '■  ee m'ra ;  000*^1 

scliton  pairs  in  trans-(rH)x.  A  ncn-"xponent  i  al  -leoay  with  -  1  ps  is 

obs-^ived  along  with  rapid  (<<0.S  psl  spectral  relaxation  wtiit-h  ws>  int«=rpr«t  as  oonfsr'ta- 

ti  al  equilibration  or  th<='  sclitcns.  The  dctiinant  Teray  7;echar)  i  S'n  is  eetinate  reo  o":'!' i  n  a - 

tion.  Saturation  of  the  photci  nduce-i  absorption  and  bleaohine  corresponds  to  vclutr'  fiilinv 


of  the  s  art  pie 


the  deio'Oalized  sclitcns,  resulting  in  larcre  rapid  , 


(  t  ) 


- 1 ' 


These  intrachain  excitations  are  only  part  of  the  story  in  po 1 y ace t y I ene ,  and  work  ;,n  inter¬ 
chain  excitation  of  el ect rcn-hol e  pairs  in  ctiented  rraterial  is  in  prcKr-ss  in  run 
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ULTKAFAST  TRANSIKNT  DYNAMICS  OF  PHONONS  AND  ELKCTKONS  IN  SEMICONDUCTORS 


W.  E.  Dron 
Pro  Eessot 

University  o£  California,  Irvine 
Physics  Departiiiont 
Irvine,  CA  92717 

Abstract 

We  have  recently  expanded  our  previous  work  on  the  dynamics  of  coherent  longitudinal 
optical  phonons  in  compound  semiconductors,  to  include  studios  of  the  interaction  of  these 
phonons  with  one-  and  with  two-component  plasma.  We  find  an  unexpected  difference  in  tne 
effect  of  the  two  types  of  plasma;  namely,  we  find  that  a  two-component  (e-h)  plasma  does 
not  change  Llie  phonon  lifetime  but  instead  hinders  the  formation  of  the  coherent  phonon 
state,  while  a  one-component  plasma  does  not  hinder  phonon  generation  but  markedly  changes 
the  phonon  lifetime. 

Coherent  Phonon  Generation 


The  standard  technique  to  determine  the  "lifetime"  of  optical  phonons  is  to  measure  the 
spectral  width  of  the  incoherent  Raman  scattering  cross  section.  Since  spectral  width  and 
temporal  duration  are  related  by  a  Fourier  transf ormat ion ,  information  on  the  temporal 
duration  of  the  optical  phonon  excitation  can,  in  principle,  be  obtained  in  this  way. 

More  recently  it  has  become  apparent  that  we  may  circumvent  the  transformation  by  simply 
making  measurements  of  the  optical  phonon  dynamics  directly  in  the  time  domain.  Since, 
however,  optical  phonon  "lifetimes"  are  of  the  order  of  picoseconds,  experimental  tecn- 
niques  capable  of  resolution  within  that  very  short  temporal  domain  have  had  to  be 
developed.  Modern  synchronously  pumped  mode-locked  dye  laser  systems  have  proven  to  be 
the  answer.  Since  phonon  energies  correspond  to  the  far  infrared  (FIR)  region  of  the 
electromagnetic  spectrum,  it  would  be  necessary  to  construct  a  picosecond  source  in  this 
spectral  range.  Unfortunately,  to  date  no  such  source  has  been  demonstrated.  On  the 
other  hand,  many  pico-  and  even  femtosecond  lasers  with  energies  in  the  visible  spectrum 
have  been  demonstrated.  It  is,  therefore,  possible  to  use  nonlinear  difference  mixing  of 
two  visible  laser  frequencies  to  form  a  FIR  excitation  source  of  phonons  providing  the 
phonons  involved  are  Raman  active.^  The  apparatus  involves  dual  synchronously  pumped  dye 


lasers  which  produce  synchronized  trains  of  pulses  with  picosecond  and  (subpicosecond) 
duration  at  two  different  wavelengths.  We  have  used  such  laser  systems  to  generate  near- 
zone-center  coherent  optical  phonons  in  GaP,  ZnSe  and  ZnTe  through  coherent  Raman 
excitation  (CRE) ,  and  to  study  the  subsequent  dynamics  of  the  coherent  longitudinal 
optical  (LO)  phonon  state,  plus  the  response  of  the  electronic  system  to  nonlinear 
excitation.  These  investigations  were  carried  out  directly  in  the  time  domain  through 
time  resolved  coherent  anti-Stokes  Raman  scattering  (TRCARS).^  Only  the  results  on  Gap 
will  be  discussed  here. 


Coherent  Raman  excitation  (CRE)  and  coherent  anti-Stokes  Raman  scattering  (CARS)  are 
particular  forms  of  nonlinear  mixing  of  laser  fields.  Two  electromagnetic  fields  E  and 
E  ,  with  photon  energies  hw  and  hm  and  wavevectors  It  ,  jr  ,  can  in  general  give  rise  to  a 
series  of  nonlinear  interactions  in  a  solid.  One  interaction  leads  to  a  virtual 


excitation  of  the  electronic  system  at  a  frequency  Wj-w  .  Of  particular  interest  here  is 
the  case  in  which  oj„-w  corresponds  to  a  Raman  active  vfbrational  excitation.  In  the 
resultant  CRE,  the  energy  h(u)^-m  )  and  wavevector  q=k^-k  of  the  active  mode  are  in  the 
ideal  case  exactly  spec i f i ed , ^an^  the  phase  space  available  to  the  excited  vibrations  is 
severely  limited.  In  this  sense  it  differs  markedly  from  stimulated  and  spontaneous  Raman 
scattering  for  which  the  available  phase  space  is  much  larger.  Thus,  the  occupation 
probabilities  of  the  components  of  the  coherent  state  produced  through  CRE  may  be  very 
high  as  compared  to  those  of  incoherent  Raman  excitation.  Generation  of  intense  coherent 
oscillations  by  CRE  was  first  described  for  molecular  systems  by  Garmire,  et  al.^  Large 


amplitude  coherent  excitation  of  lattice  vibrations  was  soon  thereafter  described  by 
Giordmaine  and  Kaiser.^ 


The  coherent  excitation  may  be  probed  by  a  third  laser  field,  £  ,  whose  energy  hw  is 
taken  for  convenience  to  be  hm  .  The  nonlinear  interaction  of  thii  field,  wit'n  the 
coherent  lattice  vibrations  results  in  yet  another  nonlinear  polarization^  which  drives  an 
electromagnetic  field  with  energy  hw  =h(2(d  -w  ).  It  is  f ur ther ^regu i red  through 
wavevector  conservation  (the  phase-matching  condition)  that  where  £  and 

are  the  wavevectors  associated  with  the  probe  pulse  and  the  anti-Stokei  pulse,  r^spec-  ^ 
tively.  The  probe  technique  clearly  involves  coherent  anti-Stokes  Raman  scattering, 
giving  rise  to  the  CARS  designation  for  the  entire  nonlinear  process. 
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The  coherent  phonon  state  mentioned  above  is  defined  by  a  superposition  <  f  states  ot 
different  occupation  probabilities,  but  whose  component  states  have,  at  least  initial' y,  a 
tixed  relative  phase  relationship  among  each  other.  The  resultant  excitation  of  the  solid 
resembles  most  closely  a  classical  harmonic  oscillator.^ 


The  experimentally  observable  parameter  in  the  CARS  experiment  is  the  intensity  of  the 
TRCARS  signal  at  the  energy  rt(j^  =  n  ( 2io. -w  )  .  This  intensity  is  proportional  to  the  absolute 
square  of  the  nonlinear  polar i zation*' induced  in  the  vibrational  and  electronic  systems  due 
to  the  three  laser  fields  £  ,  £  and  £  .  Thus  an  expression  for  this  quantity  can  be 
wr i tten  as  , °  ” 

I^,(At)  =  AS  ;  dt  lEp(t  +  At)x[N(R^.q)0'^(t)+Xg£fl:J(t)£^(t)]^  ,  (1) 


In  Eq.  (1) ,  the  factor  S  goes  to  unity  as  the  phase  mismatch  a£  goes  to  zero.  At  is  the 
temporal  difference  between  the  probe  pulse  and  that  of  £  and  £  (wnich  are  set  as  close 
as  possible  to  zero  time  overlap,  6t=0),  N  is  the  number  of  primitive  cells  per  unit 
volume,  Xg££  is  the  effective  third-order  nonlinear  electronic  susceptibility,  q  is  the 
unit  phonon  polarization  vector,  R  is  the  Raman  matrix  element  and  Q  is  the  displacement 
amplitude  of  the  coherent  phonon  state. 


It  is  clear  from  Eq.  (1)  that  there  are  two  contributions  to  I  (At),  i.e.,  one  due  to 
the  response  of  the  lattice  and  one  to  the  response  of  the  electrSnic  system.  The  duality 
can  be  clearly  seen  in  the  experimental  results  as  illustrated  in  Fig.  1. 
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Figure  1.  Logarithm  to  the  base  ten  of  the  normalized  cars  signal,  I  (At),  as  a  function 
of  the  delay  between  the  probe  pulse,  E  ( t) ,  and  the  coherent  LO  phonon  generation  at 
At=0.  P 

Figure  1  illustrates  typical  normalized  TRCARS  intensities  as  a  function  of  the  time 
delay  At  between  the  two  pump  beams  (E.r  E^)  relative  to  the  probe  beam  (E  )  for  the  of 
GaP  held  at  4.2K  and  300K,  and  with  w  -lo  so  that  the  coherent  LO  phonon  state  is 

excited.  The  two  components  of  I  (Atf  a?e  Clearly  visible.  The  first  component  near 
At=0,  which  can  be  independently  Sbserved  when  m  w  is  a  slightly  asymmetric  "bell¬ 

shaped"  curve.  This  component  of  I  (At)  is  attributed  to  the  nonlinear,  electronic 
response  of  the  crystal.  The  remaining  part  of  I  (At)  decreases  exponentially  with  delay 
time  for  At>>o  and  can  be  observed  to  do  so  over  Several  orders  of  magnitude.  Thus  for 
these  experiraen  al  conditions  the  time  interval  over  which  the  coherent  pnonon  state  is 
observed  to  decay  is  long  compared  to  the  time  interval  over  which  the  purely  electronic 
signal  is  observed.  The  slope  of  the  logarithm  of  the  "phonon"  part  of  I  (At)  is  then 
equal  to  the  dephasing  time,  traditionally  referred  to  as  T2/2. 

In  general,  phonon  dephasing  in  lolids  results  from  scattering  at  crystal  boundaries, 
lattice  imperfections,  electronic  carriers,  or  through  population  decay  brought  about  by 
anharraonic  interactions.  The  relative  contribution  to  the  dephasing  by  these  scattering 
sources  depends  on  the  particular  crystal  under  investigation.  We  have  demonstrated 
earlier^''  that  for  particularly  pure  samples  the  dephasing  can  be  demonstrated  to  arise 
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almost  exclusively  from  anharmonic  decay  of  the  LO  phonon  into  acoustic  phonons.  In  the 
particular  case  of  GaP  it  can,  moreover,  be  shown  that  the  dephasimj  occurs  predominantly 
through  the  decay  of  t’ne  zone  center  LO  phonon  into  two  longitudinal  acoustic  (LA)  phonons 
each  with  half  the  LO  phonon  energy,  and  with  equal  but  opposite  signed  wavevectars. 

Under  these  circumstances,  the  rate  of  LO  phonon.s  at  some  temperature  T,  relative  to 
tliat  at  T-OK,  depends  solely  on  the  occupation  probability  of  tlie  LA  phonon  states.  This 
ratio  can,  therefore,  be  determined  directly  from  3ose-L i ns te i n  statistics.  As  can  be 
expected,  the  higher  the  ambient  temperature  the  shorter  is  the  dephasing  time  ( ses^'  Fig. 

1) .  A  comparison  between  experiment  (symbols)  and  (solid  line)  for  a  range  of  ambient 
temperatures  from  4.2K  to  BOOK  is  summarized  in  Fig.  2. 


The  temperature  dependence  of  T2/2  has  also  been  determined  through  linewidth 
measurements  of  the  spontaneous  Raman  scattering  intensity.  The  results  are  displayed  in 
Fig.  2  as  crosses  for  LO  phonons  in  GaP.  For  completeness  we  glao  include  similar  data 
for  a  different  crystal  in  GaP  as  reported  by  Bairamov,  et  a  1  . °  marked  BPTU  in  the  figure. 


Note  should  be  taken  of  the  following  additional  results  depicted  in  Fig.  2.  (i)  tiie 

results  of  the  linewidth  studies  agree  among  the  two  experimental  groups,  and 
(ii)  agreement  also  exists  between  the  results  obtained  from  the  linewidth  and  from  the 
temporal  measurements.  It  should  be  further  noted  that  the  temporal  measurements  show 


quite  clearly  that  the  coherent  LO  phonon  state 
dephasing  process,  rather  <Q>^  persists  through 
its  magnitude  exponentially. 


is  not  destroyed  as  a 
many  orders  of  I^(At) 


result  of  the 

and  simply  decreases 
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Figure  2.  Temperature  dependence  of  the  phonon  dephasing  time  as  measured  by  time 
resolved  CARS  (solid  circles),  and  by  incoherent  Raman  measurements  of  linewidths  (open 
squares,  open  circles  (Ref.  8))  . 

Electron-Phonon  Dynamics 

As  already  noted  above,  coherent  phonon  dephasing  may  be  caused  by  phonon  interaction 
with  electronic  carriers.  We  have  argued  elsewhere'  that  the  LO  phonons  under 
investigation  by  our  methods  cannot  interact  with  single  particle  states  near  the  band 
edge.  Thus  the  dominant  carrier-phonon  interaction  observed  in  the  experiments  must 
p..oceed  via  the  collective  states  of  any  plasma  which  is  present. 

We  report  here  on  a  recent  comparison  between  a  phonon  interaction  with  a  one-  and  a 
two-component  plasma.  At  the  time  of  the  writing  of  this  paper,  a  part  of  these  results 
are  rather  new  and  not  yet  fully  analyzed.  All  the  same,  the  preliminary  analysis 
suggests  a  marked  difference  in  the  characterization  of  tlie  resulting  ca r r i er -phonon 
interaction . 

1  q 

In  a  recent  papers  '  we  discuss  briefly  the  creation  of  a  two-component  (electron- 
hole;  e-h)  plasma  in  addition  to  LO  phonons  created  through  coherent  Raman  excitation. 
The  experiment  of  Ref.  6  is  different  in  a  number  of  ways  from  the  TRCARS  measurements 
described  above.  In  this  case  the  two  laser  beams  with  «  and  were  generated  in  dye 

X 
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lasers  pumped  by  a  pulsed  N2-laser.  Moreover,  detection  of  the  LO  phonons  and  the  LA 
phonons  produced  through  LO  phonon  decay,  is  accomplished  through  vibronic  sideband  phonon 
spectroscopy  ^  Coherent  phonon  generation  proceeds  through  nonlinear  inter action  in 

GaP  of  pulse  trains  emitted  from  two  dye  lasers  driven  simultaneously  by  5  ns  duration 
pulses  from  a  N2-l‘3ser.  One  dye  laser  is  operated  at  a  frequency  in  =  18,275  cn:~^,  whicij 

together  with  another  l^ser  at  u  =  18,322  cm~^,  makes  up  the  difference  frequency 
u),  „  '  requireS  to  excite  coherent  LO  phonons.  The  maximum  ent^rgy  pet 

laser  pulse  ||  ~  6^  uJ  resulting  in  an  initial  LO  phonon  concentration 

=•  5  X  10  cm  ,  located  within  the  overlap  volume  of  the  two  laser  beams. 

The  laser  operating  at  w,  also  serves  to  excite  the  luminescence  from  the  bound  exciton 
in  Gap  (zero  phonon  line  at^l8,688  cm“^)  with  which  the  vibronic  sidebands  are 
associated.  In  Fig.  3  we  present  the  observed  dependence  of  the  anti-Stokes  vibronic 
sideband  intensity,  as  measured  at  the  LO  and  the  LA  peak  frequencies,  as  a  function  of 
the  power  in  the  s-laser  when  the  power  of  the  Jl-laser  is  fixed  at  135  MW/cm^. 

Q 

It  can  be  shown^  that  the  intensity  of  the  anti-Stokes  vibronic  sideband  should  be 
proportional  to  the  product  of  the  power  of  the  two  lasers  ( S.  and  s  lasers)  which  drive 
the  coherent  phonon  generation.  The  results  shown  in  Fig.  9  obviously  disagree  witli  this 
prediction.  Moreover,  it  was  observed  that  vibronic  sideband  bandwidth  was  essentially 
independent  of  the  laser  interaction. 

We  have  shown  in  reference  (9)  that  these  observations  can  be  accounted  for  by  the 
presence  of  an  e-h  plasma  generated  by  the  photoexcitation  of  electrons  from  the  valence 
band  to  the  conduction  band  of  GaP  followed  by  decay  of  these  hot  carriers  to  the  band 
minimum  at  the  X-point.  The  excitation  occurs  most  likely  through  two-step,  two-photon 
absorption;  i.e.,  and/or  u^  +  oj  .  The  plasma  itself  contributes  to  the  third  order 

electronic  susceptibility,  ,  and,  in  effect,  screens  the  coherent  phonon  generation 

process,  but  does  nothing  to  the  phonon  lifetime.  The  solid  and  dotted  lines  of  Fig.  3 
represent  a  theoretical  fit  to  the  experimental  results.  (The  dashed  line  should  be 
ignored  in  the  present  context.) 


LASER  PEAK  POWER  (MW/cm^) 


Figure  3.  Dependence  of  the  vibronic  sideband  peak  intensity  for  LO  (curve  a)  and  LA 
(curve  b)  phonons  as  a  function  of  the  s-laser  peak  power.  The  i-laser  intensity  fixed  at 
135 

Most  recently  we  have  also  measured  the  dephasing  time  and  the  linewidth  of  coherent  LO 
phonons  in  n-type  GaP  in  the  presence  of  a  one-component  plasma  (at  the  X-point  minimum) 
produced  by  thermal  excitation  of  donor  electrons  into  the  conduction  band.  Forward 
scattering  incoherent  Raman  spectroscopy  was  used  in  the  linewidth  measurement.  Corres¬ 
ponding  dephasing  times  were  converted  into  linewidth  measurement  and  also  displayed  in 
Fig.  4.  The  results  of  three  different  samples  are  shown.  The  data  in  an  undooeci  sample 
(curve  a)  repeats  the  results  of  Fig,  2.  The  other  two  samples  contain  3.2x10^'  cm“^ 
(curve  b)  and  1.1x10^°  cm'-^  (curve  c)  impurity  concentrations.  It  is  observed  at 
temperatures  below  ~  80K  that  the  linewidth  is  essentially  temperature  independent.  This 
region  is  tentatively  assigned  to  the  effects  of  impurity  scattering.  At  ~  lOOK  thermal 
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excitation  of  the  carrier  commences  and  reaches  a  maximum  near  150K.  Thereafter  the  donor 
states  approach  depletion  (~  250K)  .  The  dashed  lines  in  Fiy.  4  have  been  arbitrarily 
drawn  to  emphasize  these  effects.  Note  that  the  linewidth  varies  strongly  with  the 
carrier  concentration.  But  it  is  observed  that  the  integrated  intensity  of  the  signal  is 
not  affected  by  the  carrier  concentration. 


TEMPERATURE  (K) 


Figure  4.  Dependence  of  the  Raman  linewidth  on  temperature  for  samples  of  varying 
concentration  of  donor  states. 

Thus  we  have  observed  a  significant  difference  between  the  effects  of  one-  and  two- 
component  plasma  on  the  dynamics  of  coherent  optical  phonons  in  Gap.  We  are  currently 
examining  various  factors  which  might  contribute  to  this  difference  and  hope  to  report  on 
the  resolution  of  these  differences  in  the  near  future. 

The  author  wishes  to  thank  J.  Kuhl  and  S.  Mehta  for  their  collaboration  in  the 
measurements  on  the  one-component  plasma.  The  author  is  also  grateful  for  support  through 
NSF  DMR8603888. 


References 


1.  E.  Garmire,  F.  Panderese  and  C.  H.  Townes,  Phys.  Rev.  Lett.  11 ,  160  (1963). 

2.  T.  A.  Giordmaine  and  W.  Kaiser,  Phys.  Rev.  144 ,  676  (1966) . 

3.  See,  for  example,  W.  E.  Bron,  Nonequilibrium  Dynamics  in  the  Time  Domain  in 
"Nonequilibrium  Phonon  Dynamics,"  Vol .  124,  edited  by  W.  E.  Bron  (Plenum  Press,  New 
York)  1985. 

4.  L.  L.  Schiff,  "Quantum  Mechanics,"  third  edition  (McGraw-Hill,  New  York,  1968).  See 
also,  W.  A.  Harrison,  "Solid  State  Physics"  (McGraw-Hill,  1970)  pp.  408  ff. 

5.  B.  K.  Rhee,  W.  E.  Bron  and  J.  Kuhl,  Phys.  Rev.  B30  ,  7358  (1984)  . 

6.  W.  E.  Bron,  J.  Kuhl  and  B.  K.  Rhee,  Phys.  Rev.  B34 ,  6961  (1986). 

7.  W.  E.  Bron,  Nonequilibrium  Electron-Phonon  Dynamics  in  "Phonon  Scattering  in  Condensed 
Matter  V,"  ed .  by  A.  C.  Anderson  and  J.  P.  Wolfe  (Springer,  Berlin,  Heidelberg  and  New 
York,  1986)  pp .  328  ff. 

8.  B.  Kh .  Bairamov,  D.  A.  Parshin,  V.  V.  Toporov  and  Sh.  B.  Ubaidullav,  Pis'ma  Zh .  Tekh. 
Fig.  5,  1116  (1979)  [Sov.  Techn.  Phys.  Lett.  466  (1979)]. 

9.  B.  K.  Rhee  and  W.  E.  Bron,  Phys.  Rev.  B34  ,  7107  (1986)  . 

10.  W.  E.  Bron  and  W.  Grill,  Phys.  Rev.  B16,  5303  (1977). 

11.  W.  E.  Bron  and  W.  Grill,  Phys.  Rev.  B16,  5317  (1977). 


574 


SUBPICOSECOND  TIME-RESOLVED  RAMAN  STUDIES 
INTERACTIONS  IN  GaAs-AI^Ga 


OF  ELECTRON-PHONON 
MULTIPLE  gUANTUM  W: 


AND  PHONON-PHONON 
I,  STKUCTUPES 


K.T.  Tsen 

Physics  Det-'artment ,  Arizona  State  University,  Tempo,  AN 

H.  Morkoc 

Coordinated  Science  Laborat  ox-y ,  University  of  Illinois,  Urhana,  II.  6i801 


Abstract : 

The  population  relaxation  time  of  non-equilibrirm  LO  phonons  with  wavevectors 
perpendicular  to  the  layers  of  GaAs-A1^0aj_^As  mu'  pie  quantum  well  structures  has  been 
measured  by  time-resolved  Kaman  scattering  on  a  suoplcosecond  time  scale.  The  experi¬ 
mental  results  have  revealed  ttie  generation  as  well  as  decay  of  these  excitations,  and 
tt  Q  =  6ps  is  deduced  for  their  population  relaxation  time  at  T  =  80K.  This  obxierved 
lifetime  when  compared  with  that  in  bulk  GaAs,  implies  that  the  zone-folding  effect  plays 
little  role  on  the  determination  of  their  lifetime.  From  the  estimated  rise  time  of  the 
anti-Stokes  signal,  the  average  electron-LO  phonon  scattering  time  for  electrons  occupy¬ 
ing  the  unbound  states  is  determined  to  be  ip, _j^q =0 . 2ps .  These  measured  Ttq  and  igi.Lo 
have  been  found  to  be  independent  of  either  tine  width  or  the  depth  of  the  uaAs  quantum 
wells . 

Recently,  the  dynamics  of  photoexcited  carriers  in  semiconductors  and  semiconductor 
multiple  quantum  well  structures  (MQWS)  has  attracted  tremendous  attention,  and  much 
valuable  Information  about  electron-phonon,  electron-electron  and  phonon-phonon 
Interactions  has  been  obtained. This  information  is  both  of  fundamental  interest  and  of 
great  usefulness  to  modern  ultrafast  device  applications  such  as  optoelectronic  devices. 
The  development  of  picosecond/subpicosecond  laser  systems  has  made  time-resolved  Raman 
spectroscopy  a  powerful  tool  for  probing  the  time  evolution  of  nonequilibrium  excitations 
In  these  materials.  In  particular,  when  the  pump/probe  configuration  is  employed.  For 
example,  time-resolved  Raman  scattering  has  been  used  to  interrogate  the  generation  and 
decay  of  non-equilibrium  LO  phonons  In  GaAs;^"°  the  average  electron-LO  phonon  scatter¬ 
ing  tlme5  and  the  population  relaxation  time  of  LO  phonons^  in  GaAs  have  thus  been 
directly  measured.  In  this  paper,  we  have  used  time-resolved  Raman  scattering  as  a  probe 
for  the  population  relaxation  time  of  non-equilibrium  LO  phonons  having  wavevectors 
perpendicular  to  the  layers  of  GaAs-Alj^Ga^.^As  MQWS.  The  experimental  results  have 
revealed  the  generation  as  well  as  decay  of  these  excitations,  and  Tlo-^PS  deduced 
for  their  relaxation  at  T-8OK.  From  the  estimated  rise  time  the  antl-Stokes  signal, 
the  average  electron-LO  phonon  scattering  time  for  electrons  occupying  the  unbound 
states  has  been  determined  to  be  Tgi-LO  ~0-2ps.  These  two  time  constants  have  been 
found  to  be  Independent  of  both  the  thickness  of  the  GaAs  quantum  wells  and  the  aluminum 
concentration  of  the  AljjGa^_^As  barriers. 

The  ultrafast  pulses  used  In  the  experiment  were  generated  either  from  a  DGM  double¬ 
jet  dye  laser  (for  measuring  the  population  relaxation  time  of  LO  phonons)  or  from  a 

DCM  double-jet  dye  laser  (for  measuring  the  average  electron-LO  phonon  scattering  time), 
which  were  synchronously  pumped  by  the  second  harmonic  of  a  cw  mode-locked  YAG  laser. 

The  pulses  had  an  autocorrelation  full  width  at  half  maximum  (FWHM)  of  800fs,  4.8ps  for 
double-jet  and  single-jet  dye  lasers,  respectively.  The  average  power  was  about  60mw 
and  the  repetition  rate  was  about  76MHz.  In  our  experiment,  two  successive  ultrashort 
pulses  with  the  same  frequency  and  intensity  but  different  polarizat Ions  were  used  to 
pump  and  probe  the  GaAs-AljjGa2_v^®  MQWS. The  first  pulse  (pump  pulse)sets  up  the  non- 
equilibrium  excitations  (l.e.,  LO  phonons)  and  the  second  pulse  (probe  pulse)  detects 
these  excitations  through  spontaneous  anti-Stokes  Raman  scattering.  These  two  beams, 
after  being  suitbly  polarized,  were  made  to  overlap  on  the  surface  of  the  samples.  An 
appropriate  analyser  was  placed  in  front  of  the  entrance  slit  of  the  double  mono¬ 
chromator  so  that  the  scattered  signal  from  the  pump  pulse  was  effectively  eliminated 
while  the  scattering  from  the  probe  pulse  was  allowed  to  be  detected.  The  anti-Stokes 
Raman  signal  was  collected  in  a  backscattering  geometry  and  by  a  computer-control If'd 
Raman  system.  In  order  to  take  advantage  of  the  resonance  enhancement,  the  dye  la.sers 
were  chosen  to  operate  at  fiw  1.92eV  very  close  to  the  E  +A  gap  of  GaAs. 

0  0 
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The  up.doped 

GaAs-Al^Ga^_^As  MQWS  in¬ 
vestigated  In  this  work 
were  grown  by  molecular- 
beam  epitaxy  on  a  (001)- 
oriented  undoped  GaAs 
substrate.  They  consist 
of  30  periods  of  lOoX- 
thlck  Alj^Ga2_jjAs  (x 
varies  from  0.1  to  0.3) 
and  different  thickness  of 
GaAs  layers  ^which  ranges 
from  50A  to  300A) .  The 
samples  were  mounted  on 
the  cold  finger  tip  of  a 
liquid  nitrogen  dewar. 

The  effective  temperature 
of  the  laser-irradiated 
area  was  estimated  to  be 
about  30K.  The  average 
photoexcited  carrier 
density  was  about  10^'cm“3 
and  the  occupation  number 
of  the  excited  non- 
equilibrium  LO  phonons 
was  about  0.08. 

The  wavevetors  of  the 
non-equilibrium  LO  phonons 
probed  in  the  backscatter- 
Ing  configuration  are 
perpendicular  to  the 
layers.  We  believe  that 
these  LO  phonons  are 
generated  as  follows: 

The  photons  from  the  dye 
lasers  optically  excite 
the  electron-hole  pairs 
with  an  excess  energy;  in 
polar  semiconductors  such 
as  GaAs,  the  carriers 
lose  their  excess  energy 
primarily  by  emitting  LO 
phonons. I  However,  once  the 
electrons  are  trapped  inside 
these  two-dimensional  layers. 
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Fig.  1:  Conduction-band  (CB)  and  valence-band  (VB) 
profiles  of  the  GaAs-AlxGa  As  MQWS  demonstrated  in  this 
experiment.  The  electrons  photoexcited  to  the  continuum 
states  will  lose  about  0.25eV  of  their  excess  energy 
before  they  are  trapped  inside  the  wells.  Here,  the  band 
off-sets  have  been  assumed  to  be  70-305?  for  conduction  and 
valence  bands,  respectively;  and  effective  masses  have 
been  taken  to  be  O.ObTmg  and  0.45me  for  conduction  band 
electrons  and  heavy  holes,  respectively. 


the  GaAs  quantum  wells,  they  are  restricted  to  move  within 
We  can  classify  the  thermalization  of  the  electrons  Inside 
the  wells  into  (1)  Intersubband  transitions  and  (2)  intrasubband  transitions.  For 
Intersubband  transitions  of  electrons,  it  is  not  difficult  to  realize  that  the  LO  phonons 
emitted  cannot  contribute  to  our  light  scattering  measurements  for  the  particular  sample 
parameters  used.  For  intrasubband  transitions  of  electrons,  conservation  of  momentum 
requires  that  the  LO  phonons  emitted  during  their  thermalization  to  the  bottom  of  the 
subbands  propagate  almost  along  the  layers.  These  LO  phonons  which  have  wavevectors 
almost  parallel  to  the  layers  cannot  be  Involved  In  the  backseat tering  geometry  employed 
In  our  experiment.  Therefore,  as  indicated  In  Fig.  1  (for  samples  with  x=  0.15)  only 
about  0.25eV  (or  about  seven  times  the  LO  phonon  energy)  can  be  used  to  generate  LC 
phonons  which  are  active  under  our  current  experimental  measurements. 


In  Fig.  2,  the  antl-Stokes  signal  (monitored  at  295cm~l)  is  plotted  as  a  function 
of  the  time  delay  At  between  the  pump  and  the  probe  pulses  for  a  GaAs-AlxGai_xAs  MQWS 
with  X  =-  0.15  and  well-width  =:  200fi.  Here,  the  time  delay  Is  taken  to  be  the  time  interval 
between  the  peak  intensity  of  the  pump  and  that  of  the  probe  pulses.  The  scattering 
Intensity  increases  very  sharply  from  negative  At  and  reaches  a  maximum  at  At=1.5ps,  then 
decreases  slowly  to  the  background  level  at  large  At.  This  variation  of  the  signal  with 
time  delay  provides  direct  evidence  of  the  generation  and  relaxation  of  the  non-equillb- 
rlu.ri  LO  phonons.  The  rise  of  the  signal  represents  the  growth  of  the  LO  phonon  population 
as  a  result  of  the  emission  of  the  LO  phonons  by  the  phtoexclted  hot  electrons,  and  the 
subsequent  decrease  corresponds  to  the  relaxation  of  these  LO  phonons. 
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Because  the  pulse 
width  of  the  slngle- 
jet  dye  laser  used 
ir.  this  measurement 
is  about  3ps,  we  do 
n  o  t  t  h  1  n  k  that  t  h  c? 
average  electron-LG 
phonori  scattering 
time  can  be  estimated 
from  the  observed 
rise  time  of  the 
anti-Stokes  signal. 

It's  determination 
will  be  postponed 
until  a  double-j  et 
dye  laser  is  employed. 

The  decrease  of 
the  anti-Stokes  signal 
which  has  been  stated 
to  indicate  the 
relaxation  of  the  non- 
equilibrium  LO 
phonons  is  supported 
by  Fig.  3  in  which 
the  logarithm  of  the 
signal  is  plotted 
against  the  time  dela^ 
At.  The  data  points 
are  very  well  repre¬ 
sented  by  an  expo¬ 
nential  of  the  form 
exp ( -At A  ) ,  with 
T  “  6ps .  The  fact 
that  this  value  is 
very  close  to  the 
population  relaxation 
time  of  the  LO  phonons 
observed  In  bulk  GaAs, 
suggests  that  the  zone¬ 
folding  has  little 
effect  on  the  popula¬ 
tion  relaxation  time  of 
GaAs-AlxOa^.^As  MQWS. 


DELAY  TIME  (Ps) 


Fig.  2:  Measured  anti-Stokes  Raman  signal  vs  the  time  delay  At 
for  the  LO  phonons  of  the  GaAs-Al^Ga 2_xAs  MQWS  at  T=80K.  The 
background  counts  are  indicated  by  a  dashed  horizontal  line. 
Filled  circles  represent  data  points. 


the  LO  phonons  having  wavevectors  perpendicular  to  the  layers  of 


Fig.  ^  shows  the  anti-Stokes  Raman  signal  as  a  funtlon  of  the  time  delay  At  between 
the  pump  and  the  probe  pulses  for  the  same  sample  as  in  Pig. 2,  but  a  double-jet  dye  laser 
which  has  pulse  width  of  about  0.5ps  is  used  In  making  the  measurement.  We  observe  that 
it  takes  about  1.5ps  for  the  population  of  ni n-equilibrium  LO  phonons  that  have  wave- 
vectors  perpendicular  to  tho  layers  to  reach  It.s  maximum  value.  Because  as  discussed 
before  the  number  of  Raman-active  LO  phonons  emitted  by  the  carriers  is  about  seven, 
the  average  electron-LO  phonon  scatterng  time  for  electrons  occuping  the  continuum  states 
is  deduced  to  be  20C±50fs.  The  fact  that  this  measured  value  of  the  average  electron-LO 
phonon  scattering  time  is  about  the  same  as  that  (%165fs)  found  in  bulk  GaAs  demonstrates 
that  the  presence  of  the  wells  has  almost  no  influence  on  the  relaxation  of  the  carriers 
occupying  the  continuum  states. 


We  have  also  carried  out  similar  experiements  on  samples  that  have 
aluminum  concentration  x  ranging  from  0.1  to  0.3  and  well-thickness  from  50A  to  300A. 
The  experimental  results  have  shown  that  both  the  average  electron-LO  phonon  scattering 
time  for  electrons  oc:upylng  the  unbound  states  and  the  population  relaxation  time 
for  LO  phonons  having  wavevectors  perpendicular  to  the  layers  of  G^.ks-I\l^Ga.■^_y.^s  MQWS 
are  rather  insensitive  to  these  parameters. 


In  conclusion,  the  population  relaxation  time  of  non-equilibrium  LO  phonons  with 
wavevectors  perpendicular  to  the  layers  of  GaAs-Al^Ga 2^_xAs  MQWS  has  been  measured  by 
tlme-resrii ved  Raman  scattering  on  a  subpicosecond  time  scale.  The  experimental  results 
have  .shown  that  the  zone-folding  effect  plays  little  role  on  the  determination  of  their 
lifetime.  The  average  electron-LO  phonon  scattering  time  for  electrons  occupying  the 


577 


Fip;.  3:  The  logarithm  of  the  anti- 
Stokes  signal  is  plotted  as  a 
function  of  the  time  delay  At.  The 
experimental  data  are  well  re¬ 
presented  by  a  straight  line.  From 
the  slope  of  this  straight  line, 
the  population  relaxation  time  of 
the  LO  phonons  having  wavevectors 
perpendicular  to  the  layers  is 
determined  to  be  about  6ps. 


unbound  states  is  estimated  to  be  about  200fs.  The  measured  values  of  the  population 
relaxation  time  of  LO  phonons  and  the  average  electron-LO  phonon  scattering  time  has 
been  found  to  be  independent  of  either  the  width  of  the  GaAs  quantum  wells  i^r  the 
aluminum  concentration  of  the  barriers. 


Fig.  4:  Spontaneous  anti-Stokes  Raman  signal  of 
LO  phonons  having  wavevectors  perpendicular  to 
the  layers  is  plotted  against  the  time  delay  At 
for  a  GaAs-Al„Ga2_jjAs  MQVv'S  sample  with  x=0.15 
and  well-thicKness=200A.  The  rise  of  the  signal 
is  well-resolved  and  has  been  used  to  estimate 
the  average  electron-LO  phonon  scattering  time 
for  electrons  occupying  the  unbound  states  in 
GaAs-Al^Ga MQWS. 
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Abstract 


Ultrashort  pulse  propagation  of  non-phase-match  generated  second  harmonic  and  its  induced  spectral 
broadened  laser  pulses  have  been  directly  measured  in  ZnSe.  Newly  generated  wavelengths  from  500  nm  to  570 
nm  in  ZnSe  by  the  pump  lOSAnm  pulse  appear  to  be  emitted  at  the  same  time  as  the  105A  nm  pump  pulse.  The 
observed  temporal  property  of  these  newly  generated  wavelengths  can  be  explained  by  the  destructive 
Interference  and  parametric  amplification  of  the  non-phase-match  generated  cross-phase  modulation  waves  in 
ZnSe.  This  modulation  can  lead  a  new  way  to  optically  encode  ultrafast  information. 

I.  Introduction 


New  laser  frequency  generation  processes'"*  by  ultrashort  pulses  in  condensed  matter  provide  scientific 
knowledge  of  the  wave  interact'on  i.'.  matter  as  well  as  technological  applications  in  lasers  and  optical 
communications.  Self-*"’,  induced-’*®,  and  Cross®"*’-phase  modulation  processes  are  responsible  for  wide 
spectral  band  ultrashort  laser  pulses  generation.  Self-Phase_Modulation  (SPM)  occurs  when  an  intense  laser 
pulse  propagates  through  a  medium  and  disturbs  the  refractive  index  where  in  turn  changes  the  phase, 
amplitude,  and  frequency  of  the  incident  laser  pulse.  This  causes  a  frequency  sweep  within  the  pulse 
envelope.  Induced-phase-modulation  (IPM)  occurs  when  a  weak  pulse  at  a  different  frequency  propagates 

through  a  disrupted  medium  whose  index  of  refraction  is  changed  by  an  intense  laser  pulse.  The  phase  of  the 
weak  optical  field  can  be  modulated  by  the  time  variation  of  the  index  of  refraction  originating  from  the 
primary  intense  pulse.  Most  recently,  erosa-phase-inodulation  (XPM)  was  observed  in  optical  glass  fibers 
from  the  coupled  interactions  between  stimulated  Raman  scattering  (SRS)  and  SPM.  The  spectral  width  at  the 
SRS  wavelengths  in  liquids  and  glass  fibers  was  broadened  twice  more  than  the  spectral  width  of  the  incident 
laser.  In  this  paper,  we  report  a  new  class  of  XPM  of  a  weak  non-phase  matched  second  harmonic  pulse  was 
produced  from  the  propagation  of  an  intense  picosecond  laser  pulse  through  ZnSe  crystals.  The  spectral 
broadened  pulse  spread  from  500-nm 
pulse  in  ZnSe. 

In  table  1,  phase  modulation 
processes  responsible  for  the 
spectral  broadening  from  various 
susceptibilty  coefficients  are 
summarized.  The  bracket  indicates 
the  intensity  of  laser  pulses  at  a 
given  frequency.  In  the  SPM 
process,  the  spectral  broadening 
process  involves  only  one 
principle  wavelength.  In  the  IPM 
process,  strong  and  weak  laser 
pulses  at  different  wavelengths 
are  generated  outside  the 
interaction  material.  Then  pulses 
enter  the  sample  to  induce 
additional  spectral  broadening  on 
the  weak  pulse.  In  the  Raman-XPM 
process,  a  principle  wavelength 
generates  a  Stokes  Raman  line  and 
its  width  is  broadened  through  the 
coupling  of  the  laser  wavelengths 
and  internally  generated  Raman 
wavelengths.  In  the  SHG-XPM 
process,  the  second  harmonic 
generated  iiiside  the  sample 
becoming  spectral  broadened  from 
the  primary  pulse.  This  is 
similar  to  Raman-XPM  with  SHG 
pulse  replacing  Raman  pulse. 

However,  SHG-XPM  has  a  unique 
dispersionless-llke  propagation 
property. 


570-nra  was  found  to  travel  at  near  the 

same  speed  as 

the  1i 

Table  1.  Types  of  Spectral 

Broadening  froa  Phase 

Modulation  Processes 

INPUT  COUPLING 

OUTPUT 

PROCESS 

Self-Phase  Modulation  (SPM) 

(l:,]  -> 

[ui  i  &(j|] 

:  SPM 

x’ 

Induced  Phase  Modulation  (IPM) 

LU,1  --> 

x’ 

[ut  *  AuJ 

:  SPM 

Cw,]  --> 

[  (uj  1 

:  SPM 

weak  x’ 

where  Aui  >> 

[<U|]  ♦  Cw*]  --> 

Cui  i  Aui3 

:  SPM 

X* 

*  [w)  t  Au  ] 

r  IPM 

where  iw  >> 

Aw} 

Cross-Phase  Modulation  (XPM) 

Raman  XPM 

r  wi  ]  — > 

(  w,  ♦  Al.,  ] 

:  SPM 

--> 

[uj,  “  n  t  awr] 

;  XPM 

where  Ai.)r  ~  t> 

Second  Harmonic  XPM 

tb,.]  -> 

iu)i  i  Au]] 

;  SPM 

--> 

:  SHC 

- > 

C2u|  t  Auo} 

:  XPM 
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II.  Theory  of  XPM 


In  the  theoretical  analysis  of  Raman-XPM,  the  spectral  bandwidth  of  the  Raman  line  is  increased  as  the 
pulses  travel  in  the  medium.  By  assuming  the  phase  matching  and  neglecting  group  velocity  dispersion  and 
highei — order  Raman  processes,  a  coupled  wave  equation  can  be  written  as 

3a, /3n  =  i  [6(|a,|’  +  a,  *  <P  ai  ],  (la) 

3a2/3n  =  i  [BCla^l^  +  aj  +  $*  aj]  (1b) 

where  <ti  is  proportional  to  the  phonon  amplitude  and  3<(i/3C  =  -cfi  *■  1  5  a^*  a,,  a,  and  aj  denote  the  pulse 
envelope  function  of  the  incident  laser  and  the  first  Raman  Stokes,  respectively.  A  predicted  ratio  of  the 
Stokes  spectral  width  to  the  primary  spectral  width  without  dispersion  is 


X 


Au-  /  Atj 

Raman  Laser 


2  [1  +  (6/26)^]°-" 


where  S  =  3  nj  u’/(r  no  c“), 

6  =  a)’/(l6it  u  n  no  f^). 


(2) 


and  u  :  incident  laser  frequency,  U  ;  phonon  frequency,  u  :  effective  oscillator  mass  density,  no  :  linear  index 
of  refraction,  nj  :  nonlinear  index  of  refraction,  c  :  coupling  strength  between  the  phonon  field  to  the 
eleotromagentic  field,  and  r  :  phonon  decay  rate.  Using  the  values  for  parameters  in  Equ.  I*!,  such  as  :  u  = 
3.5i4xlO*’  see"',  n  =  8.3x10*^  sec“‘,  u  =  1  (estimated),  ^  =  lO*  (estimated),  no  =  1.5,  hj  =  1.2xl0”‘’  esu,  and  f  = 
5.7  X  10'^  sec"',  we  can  obtain  the  ratio  X  =  2.  The  spectral  broadening  of  the  Raman  line  is  larger  than  that 
of  the  laser  line.  The  measured  ratio  of  these  spectral  broadening  was  2.9  ±0.1  in  agreement  with  XPM 
theory. 

In  the  SHG-XPM,  when  an  intense  laser  pulse  propagates  through  non-centrosymmetric  media  where  both  and 
x’  are  operative,  coupled  spectral  broadening  around  the  non-phase  matching  second  harmonic  frequency  occurs. 
An  approximated  first  order  partial  differential  equation‘s  of  the  wave  equation  with  slowly  varying  time  and 
space  envelope  function  is  used.  High  order  derivatives  of  the  wave  equation  are  neglected.  If  the  SH  signal 
is  weak  in  comparison  to  the  pump  pulse,  the  quasi-linear  partial  differential  wave  equation  can  be  written 
as‘s 

3E,o/3z  *  1/v,  3E,o/3t  •  i  Y  !E,o|’  E,,  (3) 

3E2o/3z  +  l/vj  3E2o/3z  =  i  a  E.qS  exp[-i(k2-2k,)]  2iY  |E,.|s  £20  -  a  E20  (H) 

SHG  XPM  Absorption 

where  E,o  and  E20  are  the  electric  field  envelope  amplitude  of  the  pump  and  the  SH  frequencies,  respectively: 
V,  and  V2  are  group  velocities  for  u  and  2u),  respectively;  and  k,  and  k2  are  wave  vectors  for  u  and  2u, 
respectively:  o  is  the  absorption  coefficient  at  2u;  0  =  uou,cx“/2;  x  ‘  second  order  nonlinearity;  Y  « 

3uiSuox’/8k,;  X*  ‘  third  order  nonlinearity. 

By  assuming  the  pump  laser  intensity  to  be  constant,  a  ->  0,  and  x’  '>  0,  the  solution  of  Ejo  from  eq.M  can 
be  expressed  as  : 

E2^o(t-z/v2)  =  Icocx^  /o^  E,,o^{[t-z/v2-  z'(l /v,-! /V2)]}  exp-i(k2-2k,)z'  dz'  .  (5) 

If  x’  and  a  are  non-negligible,  the  solution  of  E20  from  the  coupled  eqs.  3  and  M  can  be  written  as‘“ 


E 


20 


io  Ao  expL-az  +  i{2YAo^)  F*(U+nz')  dz']  x 

/o^  F^(U+nz')  exp[i2YAo^  F^(U+riz')/’-  i^z']  exp[az'-  2iYAo^/,^  F'(U+ nz")dz"]  dz' 


(6) 


where  U  =  (t-z/v2)/T;  n  =  (n2-ni)/cT;  E  =  (n2^-n,^)  2w/c;  n,,n,*^,  n2,  and  02^  are  the  group  and  phase  indices  of 
refraction  at  ui  and  2a),  respectively;  is  the  initial  magnitude  of  a)-pulse;  F  is  the  primary  pulse  shape 
envelope;  t  is  the  pulse  duration. 

In  both  cases  (x^  =0  and  x’=  nonzero  real  number),  the  observed  temporal  distribution  of  SHG  and  SHG-XPM*^ 
have  shown  a  destructive  Interference  pattern  as  long  as  the  non-phase  matched  coefficient  :  k2-2k,  is  large 
enough  in  comparison  to  the  lenght  of  the  crystal.  Since  E,,„^  is  an  even  function  and  exp-i(k2-2k,)z'  is  a 
sinusoidal  function,  when  k2-2k,  is  nonzero  for  a  non-phase  matched  condition,  the  SHG  emitted  at  the  crystal 
exit  surface  at  time  t  is  an  integrated  solution  of  eqs.  5  and  6.  For  a  given  length  z  =  L,  if  the  phase 
factor  exp-i{k2-2k ,)z'  oscillates  over  more  than  one  period,  the  integration  washes  out  which  results  in  E2  0 
becoming  zero  due  to  the  summation  of  many  SH  pulses  generated  at  different  z'  with  +  and  -  phases.  This  is 
a  destructive  interference  phenomenon.  Only  at  the  entrance  and  exit  parts  of  the  crystal,  part  of  the  SHG 
pulses  will  not  be  cancelled  out  from  the  free  space  boundaries.  As  long  as  the  group  index  difference  and 
the  crystal  length  are  large  enough  such  that  (n2-n,)L/c  >  t,,  two  separated  peaks  should  be  observed  in  time 
under  the  assumption  of  a  non-depleted  input  and  no  absorption  of  the  incident  pump  pulse.  These  two  peak 
will  be  separated  in  time  by  AnL/c.  For  example,  in  a  ZnSe  crystal,  using  A  =  lOb'i-nm,  x,  =  6//2lln2  ps,  and 
n2-n,  -  0.77  the  length  of  the  crystal  should  be  greater  than  A-mm  for  a  clear  obsevation  of  two  peaks.  The 
newly  generated  SHG  and  XPM  wavelengths  appear  only  to  be  generated  at  the  entrance  and  slit  surfaces  of  the 
crystal.  The  absorption  coefficient  a  only  affect  the  two  peak  ratio. 
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An  8-ps  2-mJ  105A-nm  laser  pulse  was  weakly  focused  into  the  ZnSe  sample.  The  spot  size  at  the  sample 
was  about  1.5-mm  ih  diameter.  The  second  harmonic  produced  in  ZnSe  samples  was  about  10-nJ.  The  incident 
laser  energy  was  controlled  by  changing  the  neutral  density  filter. 


The  output  signal  was  sent  through  a  1/2  meter  Jarrell  Ash 
spectrograph  to  measure  the  spectral  distribution  of  the  signal 
light  using  poloroid  films  and  optical  multichannel  analyzers. 
A  reference  pulse  at  527  nm  was  produced  in  a  KDP  crystal. 
Using  a  beam  splitter,  105il-nm  and  527-nm  pulses  were  separated 


Ei060='2mj' 


into  two  different  paths.  The  weak  527-nm  reference  pulse  was 
used  for  calibration  and  traveled  through  a  fixed  distance  in 
air  to  set  the  zero  reference  time  for  the  streak  camera.  Only 
a  105'!  nm  pulse  was  used  to  pump  the  ZnSe  samples.  The 
temporal  profile  and  the  propagation  time  of  pulses  which  exited 


from  the  sample  and  the  reference  pulse  were  measured  by  a 
2-ps  resolution  streak  camera  system''*.  Polycrystalline  1  le 
samples  of  2,  5,  10,  22,  and  50-mm  thickness  were  purchased 
from  Janos  Inc.  and  a  single  crystal  ZnSe  of  16  mm  thickness 
was  grown  at  Philips". 


(C) 


Eio6o°0-22m3' 


A.  Spectral  Behavior  The  spectra  were  measured  using 
photographic  films  and  OMA  for  non-phase-matching  SHG  and 
induced  spectral  broadening  generated  in  a  22-mm  long  ZnSe 
crystal  by  a  105i4-nm  laser  pulse.  The  spectra  from  ZnSe  and 
quartz  samples  are  displayed  in  fig.  1.  The  salient  features  of 
ZnSe  spectra  indicate  that  the  extent  of  the  spectral  broadening 
about  the  second  harmonic  line  at  527-nm  depends  on  the 
Intensity  of  the  incident  105A-nm  laser  pulse.  When  the 


incident  laser  pulse  energy  was  2m  J,  there  was  significant  5270111 

spectral  broadening  of  about  1,100  cm"'  on  the  Stokes  side  and 

770  cm”*  on  the  anti-Stokes  side.  There  was  no  significant  ^^8*  SHG-XPM  spectra  of  a  22-mm 

difference  in  the  spectral  broadening  distribution  measured  in  ZnSe  excited  by  lOS^-nm  laser  pulse  of 

the  single  and  polycrystalline  material.  different  intensity.  In  (d),  ZnSe 

The  spectral  broadening  generated  by  sending  an  intense  80-pJ  crystal  was  replaced  by  a  37-mm  long 

527-nm  8-ps  laser  pulse  alone  through  these  ZnSe  crystals  was  quartz  crystal. 


also  measured  to  compare  with  the  '  ±  1,000-om”'  induced 


spectral  broadening  discussed  in  the  last  paragraph.  The 
observed  spectral  broadening  was  only  ”200  cm”*  when  the  pulse 
energy  of  527-nm  was  over  0.2-mJ.  This  measurement  suggests 
that  the  self-phase  modulation  process  from  the  10  nJ  SHG  pulse 
in  ZnSe  is  insignificant  to  be  the  observed  ”  1,000  cm”'  of  ISB. 
The  second  order  nonlinearity  :  Pockels  coefficient  ryi<  of  ZnSe 
is  about  2x10“"*  m/V  "  and  the  third  order  nonlinearity  :  nj  ” 
10”"esu.  Replacing  ZnSe  with  a  quartz  crystal,  only  a  narrow 
line  of  527  nm  was  observed  in  fig.  Id.  This  observation  can  be 
explained  by  the  lower  n,  value  of  quartz  which  is  about  50 
times  smaller  than  n2  of  ZnSe.  It  follows  that  Av(quartz)  is  50 
times  narrower  than  iv(ZnSe). 

B.  Temporal  Behavior  The  temporal  profile  and  propagation 
time  of  a  weak  527  nm  calibration  pulse.  Intense  1051*  nm  pump 
pulse,  and  induced  spectral  broadened  pulses  propagating  through 
a  22-ram  ZnSe  pol ycrystalline  sample  is  shown  in  fig.  2.  When  a 
weak  3-nJ  527-nm  calloratich  pulse  propagated  through  the  22-mm 
ZnSe,  a  time  delay  of  about  2i*9-ps  was  observed  (Fig.  2a).  A 
pulse  delay  of  ”  l89-ps  at  105**-nm  was  observed  in  fig.  2b  when 
an  Intense  105**-nm  pulse  passed  through  the  crystal.  In  fig.  2c 
and  2d,  the  propgatlon  time  of  530-nm  and  550-nm  are  displayed, 
respectively.  The  salient  features  of  the  trace  in  fig.  2d 
Indicated  that  the  XPM  pulses  are  emitted  at  nearly  the  same 
time  as  the  105**-nm  Incident  pulse  (fig.  2b). 

The  temporal  behavior  of  the  pulse  shape  and  duration  of  a 
selected  10-nm  band  portion  centered  at  530-nm  produced  from 
the  105**-nm  generated  spectral  broadening  shown  in  figs.  2c  and 
2d  is  quite  different  from  that  of  the  105**-nm  pump  pulse  (fig. 
2b)  and  a  weak  527-nm  calibration  pulse  (fig.  2a).  The  ”  60  ps 
long  emission  tail  (from  2*19  ps  to  189  ps)  is  the  result  of  SHG 
of  the  105**-nm  pulse  at  different  locations  inside  the  ZnSe. 
The  additional  sharp  spike  located  at  189  ps  is  coincident  with 
the  time  that  it  takes  the  105**-nm  pulse  to  propagate  through 
the  crystal.  Fig.  2d  displays  the  temporal  profile  of  an  XPM 
pulse  centered  at  550-nm  with  a  10-nm  bandwidth. 
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Fig.  2.  Temporal  profile  and 

propagation  delay  time  of  (a)  incident 
527-nn  (b)  incident  105**-nm  (c) 

generated  530-nm  and  (d)  generated 
550-nm  XPM  in  a  22-mm  ZnSe  measured 
hy  a  2  ps  resolution  streak  camera. 
The  reference  pulse  time  was  obtained 
by  removing  the  ZnSe. 


The  emission  time  for  all  the  SHC,  the  spectral  broadening  about  SHG,  and  the  lOh^^-nm  pump  pulses  in  the 
crystal  were  near  the  same.  The  duration  of  the  550  nro  pulse  is  '  5  ps  which  is  about  half  the  duration  of 
the  incident  105**-nm  pulse.  The  spectral  broadened  500-nm  pulse  showed  a  similar  characteristics  as  that  of 
the  550-nm  pulse. 

The  difference  in  the  propagation  times  of  a  weak  527  nm  calibration  pulse  (fig.  2a)  and  a  105il  nm  pump 
pulse  (fig.  2b)  through  a  ZnSe  crystal  can  be  accounted  for  by  group  velocity  dispersion.  The  measured  group 
refractive  indices  of  ZnSe  obtained  from  data  displayed  in  figs.  2a  and  2b  can  be  fitted  to  be  ng^j^?  =  3.39  and 
hg,io5»  =  2.57,  respectively.  These  values  are  in  good  agreement  with  the  calculated  values'^  from  the 
wavelength  dependence  of  the  group  index  of  refraction  :  ng,527  =  3.35  and  ng.msk  =  2.58.  Therefore,  dispersion 
can  account  for  the  difference  for  in  propagation  time  for  pulses  at  different  wavelengths  which  pass  through 
ZnSe.  However,  a  sharp  spike  of  the  SHG  and  the  ISB  pulses  generated  in  the  crystal  appears  to  have 
nearly  the  propagation  time  as  the  pump  105*1  nm  pulse  (figs.  2c  and  2d). 

IV.  Discussions 

Experimentally,  E2,o^(t-z/Vj)  generated  in  ZnSe  crystals  were  directly  measured  by  a  streak  camera.  The 
time  t  is  the  only  variable  in  eqs.3  and  9  after  integration  which  is  determined  by  the  streak  camera.  The 
envelope  function  of  the  1059-nm  pump  laser  pulse  has  been  measured  to  be  a  Gaussian  function'^  with  T;  = 
6//2!.n2  ps.  Sharp  spikes  of  the  generated  550-nm  and  530-nm  displayed  in  figs.  2d  and  2c  which  appeared  to 
be  emitted  together  with  the  1059-nm  can  be  responsible  by  the  imaginary  part  of  x’  term  in  XPM.  The 
imaginary  part  of  x’  in  ZnSe  most  likely  arises  from  the  two-photon  absorption.  This  lead  to  an  amplitude 
gain  equation  for  the  SHG-XPM  signal  at  550-nm  as  E(XPM)  ~  exp(  x’|  E,o|  ^) .  That  may  be  why  there  is  only  a 
sharp  spike  appeared  to  be  emitted  at  the  end  of  the  crystal  or  travelled  at  the  same  speed  as  the  pump 
wavelength. 

Several  mechanisms  which  may  account  for  the  observed  dispersionless-like  propagation  of  the  SHG  and  the 
spectral  broadened  pulses  relative  to  the  lOS'i-nm  pump  pulse.  The  first  possible  model  is  the  enhanced 
surface  phenomenon  such  as  the  SHC  of  the  3PM  process  of  105*1  nm.  However,  three  observations  contradicted 
the  surface  model.  First,  the  output  intensity  of  the  ISB  pulse  was  found  to  vary  linearly  with  the  sample 
thickness  from  2-mm  to  22-mm.  Second,  there  was  no  difference  in  the  output  intensity  or  time  dynamics  of 
ISB  when  the  ZnSe  as  placed  in  ethylene  glycol  or  CSj  to  reduce  the  index  mismatch  between  the  crystal  and 
air.  Third,  using  different  ZnSe  crystals  with  varied  surface  roughness,  the  output  spectral  broadened  signal 
intensity  remained  to  be  the  same.  These  three  observation  may  rule  out  the  possibility  of  surface  effect. 
The  second  possibility  is  the  compensation  of  the  group  velocity  dispersion  in  ZnSe  by  the  negative  nonlinear 
index  of  refraction.  In  the  the  negative  nj  model,  the  delay  time  of  the  ISB  should  be  sensitive  to  the  105*1 
nm  power  density  (incident  energy).  However,  no  apparent  change  was  observed  in  our  measurements.  The  third 
possible  model  is  the  two-photon-like  excitonic  polariton*’.  This  model  is  also  ruled  out  from  a  temperature 
dependent  measurement  of  the  output  signal  strength.  The  output  spectral  broadened  pulse  intensity  remained 
the  same  from  to  300’K. 


V.  SuBwary 

Spectral  broadened  second  harmonic  XPM  pulses  seem  to  be  emitted  at  the  same  time  as  the  primary  pulse 
and  are  independent  to  the  crystal  structure,  surface  roughness,  and  temperture.  The  observed  temporal 
behavior  of  XPM  pulses  propagation  can  be  a  signature  of  all  ultrafast  nonlinear  non-phase  matched  frequency 
generation  processes.  These  temporal  and  spectral  behaviors  of  non-phase-matched  XPM  may  have  an  impact  in 
optical  communications  and  information  coding. 
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NONLINEAR  BEAM  PROPAGATION  IN  SEMICONDUCTORS 


E.W.  Van  Stryland,  Y.Y.  Wu,  D.J.  Hagan,  M.J.  Soileau  and  Kamjou  Mansour 

Center  for  Research  in  Electro-Optics  and  Lasers 
University  of  Central  Florida 
Orlando,  Florida  32816 

We  present  a  detailed  characterization  of  the  output  of 
passive  semiconductor  based  optical  limiters.  These 
devices  utilize  two-photon  absorption  along  with 
photogenerated  carrier  defocusing  within  the  material  to 
limit  the  output  fluence  and  irradiance.  In  addition  to 
protecting  downstream  optical  components,  the  focusing 
geometry  combined  with  these  nonlinearities  make  the 
devices  self-protecting.  Such  devices  have  a  broad  working 
wavelength  range  since  both  the  initial  two-photon 
absorption  and  the  subsequent  carrier  refraction  are 
slowly  varying  functions  of  wavelength.  For  example,  ZnSe 
should  have  a  useful  range  of  from  0.5  to  0.85^m.  In  this 
material,  we  have  observed  the  onset  of  limiting  at  input 
powers  as  low  as  80  Watts  using  10ns,  0.53/im  input  pulses. 

At  the  same  wavelength  using  30ps  pulses  into  a  monolithic 
ZnSe  limiter,  limiting  begins  at  ~300  Watts  or  lOnJ.  We 
also  monitored  the  output  spatial  energy  distribution 
along  with  the  temporal  response  at  each  position  using  a 
2  picosecond  resolution  streak  camera.  We  find  that  the 
output  fluence  along  with  the  output  irradiance  is 
effectively  limited  below  detector  damage  thresholds  over 
a  four  orders  of  magnitude  input  range.  Additionally, 
since  both  two-photon  absorption  and  the  associated  self- 
defocusing  increase  with  decreasing  band-gap  energy, 
similar  devices  using  narrow  gap  semiconductors  should 
have  considerably  lower  limiting  thresholds. 

I.  Introduction 

Passive  optical  limiting  results  from  irradiance-dependent  nonlinear  optical 
processes  in  materials.' >2  The  ideal  optical  limiter  has  the  characteristics  shown 
in  Fig.  1  .  It  has  a  high  linear  transmission  for  low  input  (eg.  energy  E  or  power 
P) ,  a  variable  limiting  input  E  or  P,  and  a  large  dynamic  range  defined  as  the  ratio 
of  the  E  or  P  at  which  the  device  damages  (irrevers.ibly)  to  the  limiting  input. 
Since  a  primary  application  of  the  optical  limiter  is  for  sensor  protection,  and 
damage  to  detectors  is  almost  always  determined  by  fluence  or  irradiance,  these 
are  the  quantities  of  interest  for  the  output  of  the  limiter.  Getting  the  response 
of  Fig.l  turns  out  to  be  possible  using  a  wide  variety  of  materials;  however,  it  is 
very  difficult  to  get  the  limiting  threshold  as  low  as  is  often  required  and  at  the 
same  time  have  a  large  dynamic  range.  Because  high  transmission  for  low  inputs  is 
desired,  we  must  have  low  linear  absorption.  These  criteria  lead  to  the  use  of  two- 
photon  absorption  {2PA)  and  nonlinear  refraction.  In  this  paper  we  present  the 
detailed  operational  characteristics  and  a  theoretical  description  of  optical 
limiting  devices  based  on  2PA  and  the  subsequent  photogenerated  free-carrier 
defocusing  in  semiconductors.  Such  devices  can  be  made  to  have  low  limiting 
thresholds,  large  dynamic  ranges,  and  broad  spectral  responses.  For  example,  a 
monolithic  ZnSe  device  limits  at  inputs  as  low  as  lOnJ  (300W),  and  has  a  dynamic 
range  greater  than  10<  for  0.53;im,  30ps  (FWHM)  pulses.  Also,  the  input/output 
characteristics  of  this  device  should  not  change  significantly  for  input 
wavelengths  from  0.5  to  0.85;im.  While  the  devices  demonstrated  operate  in  the 
visible,  we  give  theoretical  arguments  why  considerably  lower  limiting  thresholds 
should  be  obtainable  in  the  infrared  using  narrow  band-gap  semiconductors. 

II.  Background 

Early  observations  of  irradiance-dependent  phenomena  related  to  optical 
limiting  were  in  liquids. ’»'•  In  1964,  Leite  ei.  at.  used  "self-action"  (nonlinear 
refraction)  as  a  means  to  measure  very  low  absorption  in  liquids.^  In  1966, 
Reickhoff  reported  irradiance  dependent  sel f-defocusing  in  liquids.®  One  year 
later  Leite  et.  al.  demonstrated  an  optical  limiter  which  used  thermal  blooming  in 
nitrobenzene  and,  along  with  a  spatial  filter,  regulated  the  output  power  of  a  cw 
argon  laser  to  30mW.'' 
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In  1980,  CSj  was  tested  as  a  limiting  medium.®  The  experiments,  using  a  focused 
geometry  similar  to  that  of  Leite  et.  al.  but  with  nanosecond  pulses,  showed  that  the 
mechanisms  which  limit  the  transmission  of  this  device  are  self-focusing  and 
absorption  associated  with  the  resulting  laser- induced  breakdown.®'®  An  apparent 
advantage  of  liguid  based  limiters  is  that  they  self-heal,  allowing  high  dynamic 
ranges  limited  only  by  damage  to  cell  windows.  The  response  time  has  been  shown  to 
be  2ps  in  the  visible. i®  Even  larger  nonlinearities  were  found  at  10/im  using  COj 
pulses  which  demonstrates  the  potential  of  extremely  broad-band  operation." 
Additionally,  the  limiting  power  can  be  varied  by  adjusting  the  concentration  of 
CSj  in  solvents.  However,  the  critical  power  Pj,  is  often  too  high  for  many 
applications  (eg.  =8  kW  at  0.5/im)  and  can  only  be  raised  by  mixing  with  solvents, 
not  lowered. 

Large  refractive  nonlinearities  (several  orders  of  magnitude  higher  than  that 
of  CSj)  have  been  found  in  liquid  crystals;  however,  this  occurs  at  the  expense  of 
speed  (response  times  usually  nanoseconds  or  longer)."""  When  picosecond  pulses 
were  used  in  a  comparative  study  of  limiting  in  seven  liquid  crystals,  Soileau  ei.  al. 
found  that  two-photo-  absorption  was  responsible  for  the  limiting  behavior." 

Atomic  vapors  have  also  been  used  to  build  optical  limiters.  Bjorkholm  et.  at. 
built  a  device  utilizing  self-focusing  in  sodium  vapor  due  to  near-resonant 
excitation  at  a  wavelength  of  590nm."  This  device  also  exhibited  optical 
bistability. 

Some  of  the  largest  nonlinearies  exhibited  to  date  are  in  semiconductors." 
Unfortunately,  from  the  standpoint  of  optical  limiting,  these  extremely  large 
nonlinearities  are  associated  with  near  band-gap  resonance  and  thus  are  in  a  region 
of  relatively  high  linear  absorption.  In  addition  solids  undergo  irreversible 
optical  damage.  Even  so,  using  other  mechanisms,  effective  limiting  has  been 
demonstrated.  In  1969,  Geusic  et.  al.  reported  limiting  behavior  in  Si  attributed  to 
stepwise  nonlinear  absorption  with  1.06;im  radiation.*®  Later,  Boggess  et.  al.  showed 
fluence  limiting  in  Si  which  was  due  to  a  combination  of  nonlinear  absorption  with 
a  refractive  contribution  induced  by  the  photoexcitation  of  free  carriers.*®  Power 
limiting  experiments  were  conducted  by  Ralston  and  Chang  in  a  series  of 
semiconductors  such  as  CdS,  GaAs  and  CdSe.*®  This  was  the  first  report  of  the  use  of 
two-photon  absorption  (2PA)  for  optical  limiting.  Those  studies  utilized 
nanosecond  pulses  where  absorption  by  the  2PA  generated  free  carriers  was 
significant.  In  addition,  though  not  noted  at  that  time,  the  refractive  index 
change  caused  by  the  photogenerated  carriers  was  strong  and  also  useful  in  the 
limiting  process.  In  particular,  this  defocusing  limits  the  transmitted  fluence. 
Another  type  of  limiter,  which  uses  the  combination  of  2PA  and  nonlinear 
refraction  at  10/im  was  developed  by  Walker  et.  al.^'  This  device  relies  on  the  etalon 
properties  of  the  nonlinear  sample,  and  the  device  also  exhibits  regions  of 
bistability.**  While  this  device  has  the  advantage  of  not  requiring  a  spatial  filter 
(ie.  it  is  a  true  power  limiter  as  opposed  to  a  fluence  limiter),  the  range  of  input 
energies  over  which  limiting  is  obtained  is  small.  Boggess  et.  al.  were  the  first  to 
use  the  combined  effects  of  2PA  and  carrier  defocusing  to  obtain  optical  fluence 
limiting.**  The  geometry  used  was  to  focus  picosecond  l.oe^m  pulses  onto  the 
surface  of  a  thin  sample  of  GaAs,  refocus  the  beam,  and  monitor  the  transmission  of 
an  aperture.  Since  the  damage  prone  surfaces  are  subjected  to  the  maximum  fluence 
of  the  input  pulses,  the  range  over  which  these  devices  function  without  incurring 
damage  is  low.  What  we  have  found,  is  that  by  using  thick  samples,  the  large 
nonlinearities  of  the  semiconductor  can  actually  be  used  to  prevent  damage.**  The 
trick  is  to  simply  focus  the  light  tightly  into  the  bulk  of  the  material.  Nonlinear 
absorption  combined  with  nonlinear  refraction  keep  the  irradiance  within  the 
semiconductor  below  the  damage  threshold  and  the  device  is  self  protecting.  One 
problem  now  is  that  the  wave  equation  can  no  longer  be  separated  into  two 
propagation  equations,  one  for  the  irradiance  and  one  for  the  phase.  This  makes 
even  numerical  solutions  very  difficult.  However,  we  find  the  analysis  of  thin 
limiters  qualitatively  describes  the  operation  of  thick  limiters. 

We  nave  recently  used  this  combination  of  nonlinearities  to  build  optical 
limiters  for  the  visible  based  on  ZnSe  and  ZnS.**  These  work  exceedingly  well  for 
picosecond  inputs  where  carrier  absorption  is  negligible  while  carrier  defocusing 
is  still  strong.*®  Figure  2  shows  the  geometrical  arrangement  of  a  monolithic 
optical  limiter.  The  device  acts  as  a  unity  power  inverting  lens  for  low  inputs. 
For  high  inputs  the  beam  is  depleted  by  2PA  and  is  defocused  following  the  path 
shown  schematically  by  the  dashed  line  in  Fig. 2  .  Figure  3  shows  the  output  fluence 
as  detected  through  an  aperture,  as  a  function  of  the  input  energy  of  30ps,  0.53/im 
pulses.  The  laser  used  in  the  picosecond  experiments  is  a  passively  mode-locked 
Nd:Yag  laser  with  a  single  pulse  switched  out.  Residual  linear  absorption  of 
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Power  or  Energy  Input 


1.  The  fluence  or  irradiance  output  of  an  "ideal”  optical  limiter  as  a  function  of 
the  input  power  or  energy.  Pl  and  Ej^  are  the  limiting  power  and  energy  inputs 
respectively. 
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2.  A  schematic  of  the  monolithic  optical  limiter  showing  optical  paths  for  low 
(solid  line)  and  high  (dashed  line)  inputs. 


3.  A  plot  of  the  output  of  a  monolithic  ZnSe  limiter  (interpreted  as  the  on-axis 
fluence  detected  through  an  aperture)  as  a  function  of  the  input  energy  of  30ps 
FWHM,  0.53;im  pulses. 
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=;0.4cin~l  in  the  chemical  vapor  deposited  ZnSe  causes  the  linear  transmission  at 
low  inputs  to  be  =;30%  .  The  limiting  begins  at  =!lOnJ  input  which  corresponds  to  ~300 
Watts.  Note  the  change  of  scale  in  Fig. 3.  If  the  original  scale  were  continued,  and 
the  ordinate  were  three  inches,  the  page  would  have  to  be  extended  for  nearly  20ft. 
The  slope  shown  is  indeed  extremely  small.  The  device  was  tested  up  to  a  few 
hundred  micro joules  input,  demonstrating  a  dynamic  range  of  greater  than  10<. 
However,  the  device  was  not  tested  to  destruction  and  it  should  withstand  pulses 
of  a  few  millijoules  input.  In  what  follows  we  describe  in  greater  detail  the 
operation  of  this  device,  its  limitations,  and  possible  extension  to  other 
wavelengths  using  the  results  of  a  fundamental  study  of  2PA  and  self-refraction  in 
several  semiconductors 


III.  Mechanisms 

As  will  be  seen,  the  primary  limiting  mechanism  is  two-photon- induced  free- 
carrier  refraction.  In  earlier  work  we  measured  the  2PA  coefficients  p  of  ten 
different  semiconductors.  These  experiments  were  performed  on  thin  samples 
(l-5mm  thickness)  using  collimated  =:lmm  beam  radius  picosecond  pulses.  In  this 
geometry  self  refraction  is  "external",  the  sample  acts  as  a  thin  lens,  and  the 
transverse  Laplacian  can  be  neglected  in  the  wave  equation  for  propagation  within 
the  nonlinear  material.*®  This  allows  separation  of  the  wave  equation  into: 

(1) 

and 


where  I  is  the  irradiance,  a  the  linear  absorption  coefficient,  *  the  slowly 
varying  phase  of  the  field,  -y  the  Drude  contribution  to  the  index  change  including 
band-blocking.  An  the  change  in  refractive  index,  and  N  is  the  density  of  two- 
photon  generated  free  carriers.*  The  equation  governing  the  carrier  generation, 
with  flu  the  photon  energy,  is: 


M  =  MIL 

dt 


(3) 


In  writing  equations  1-3  we  have  made  use  of  the  fact  that  for  picosecond  pulses 
free-carrier  absorption  can  be  neglected,  as  we  experimentally  verified.**  We  also 
verified  in  4-wave  mixing  experiments  that  recombination  and  diffusion  of  free- 
carriers  can  be  ignored  within  the  30ps  pulsewidth.  Nonlinear  refraction  (Eg. 2), 
observed  in  free-spaoe  propagation  experiments,  was  entirely  explained  by  carrier 
defocusing.  This  last  observation  allowed  us  to  neglect  bound  electronic  self- 
focusing.  Carefully  collecting  all  the  transmitted  energy  on  large  area  uniform 
response  detectors  in  the  very  near  field  allowed  us  to  use  Eq.l  and  measure  the 
2PA  coefficients  directly.  Using  measurements  of  p  for  ten  semiconductors  we 
verified  that, 


where  n  is  the  linear  refractive  index,  and  Ep  is  related  to  the  transition  matrix 
element  and  is  nearly  material  independent.^  The  function  Fj,  as  calculated  for 
two  simple  parabolic  bands,  is  given  by; 

Fj(x)={x-l)=>/2  /X®  .  (5) 

The  constant  of  proportionality  in  Eq.4  found  in  these  experiments  is  (3 .1±0 .5)  *10’ 
where  Eg  and  Ep  are  in  eV.  Using  these  results  we  can  predict  2PA  coefficients  for 
other  materials  at  other  wavelengths  as  shown  in  Fig. 4  given  only  n,  Ep  ,  Eg  and  *u. 
Figure  4  is  a  log-log  plot  of  the  data  shown  to  emphasize  the  primary  dependence  of 
on  Eg  .  Our  data  is  enclosed  within  the  dashed  box.  The  solid  line  has  a  slope  of 
-3  and  best  fits  the  data  within  the  box.  It  is  extended  to  higher  and  lower  values 
of  Eg  in  order  to  predict  p  for  other  materials.  Toward  higher  values  of  Eg  we  are 
no  longer  looking  at  semiconductors  but  insulators  (e.g.  ADP,  KDP,  SiOj).**  The  fact 
that  even  here  p  is  given,  in  most  cases,  to  within  better  than  a  factor  of  four  is 
quite  remarkable.  Toward  the  left,  however,  there  is  little  available  data  except 
for  InSb  at  10;im.*»  The  line  goes  through  the  "center  of  mass"  of  these  points  even 
though  this  is  nearly  a  four  orders  of  magnitude  extrapolation  of  p. 


In  addition  to  measuring  2PA,  defocusing  caused  by  the  2PA  generated  carriers 
was  measured  by  monitoring  the  free-space  propagation  in  the  near  field.*®  Figure 
5,  taken  from  Ref .30,  shows  the  normalized  near-field  spatial  energy  distribution 
for  low  and  high  input  irradiance  picosecond  1.06;im  pulses  transmitted  through  a 
2mm  thick  CdSe  sample  and  propagated  a  distance  of  0.5m.  The  solid  line  is  a  single 
parameter  fit  for  the  defocusing  produced  per  carrier  (t  in  Eq.2)  given  the  2PA 
generation  rate  (Eg. 3)  as  measured  in  Ref. 27  and  shown  in  Fig. 4  .  This  defocusing 
agrees  with  Drude  theory  including  interband  blocking  (see  Eq.7  in  section  VI). 
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4-  A  logarithmic  plot  of  the  scaled  two-photon  absorption  coefficient  p  as  a 
function  of  the  band-gap  energy  Eg  in  eV.  Ep  is  nearly  material  independent 
(=;21ev),  Fj  is  a  function  of  the  ratio  2hu)/Eg  ,  and  n  is  the  refractive  index.  The 
straight  line  is  a  fit  to  the  data  within  the  dashed  box  for  a  line  of  fixed  slope 
-3.  The  data  to  the  right  of  the  box  is  taken  from  reference  28  using  the  third  (x) 
and  fourth  (•)  harmonic  of  1.06/im  picosecond  pulses.  The  data  to  the  left  of  the 
box  is  taken  from  reference  29  using  10/im  nanosecond  pulses  which  carefully 
accounted  for  free-carrier  absorption. 


TRANSVERSE  DISTANCE |mm| 

5.  Vidicon  scan  of  92ps  FWHM  l.oe/xm  pulses  of  spot  radius  i.;o=1.0mm  transmitted 
through  a  2mm  thick  sample  of  CdSe  and  viewed  at  a  distance  of  0.5m  behind  the 
sample.  The  dashed  lines  are  for  a)  iGW/cm*  and  b)  3  0MW/cm*  .  The  solid  lines  are 
theoretical  fits  for  the  defocusing  per  carrier.  This  figure  reproduced  from 
reference  30. 
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IV.  Application  to  Limiting 

Looking  at  Fig. 5  we  see  the  fluence  limiting  possibilities  of  a  semiconductor 
based  limiter.  Not  only  will  2PA  deplete  the  transmitted  beam,  but  carrier 
defocusing  spreads  the  beam  in  space,  thus,  reducing  the  energy  density.  Such 
limiting  using  thin  samples  has  been  demonstrated  by  detecting  the  energy 
transmitted  through  an  aperture  after  free-space  propagation.*’  Limiters  used  in 
this  thin  sample  "external"  self-refraction  geometry  have  been  extensively 
analyzed  by  Herman  et  The  limitation  of  such  devices  is  their  low  dynamic 

range.  Since  the  light  is  focused  onto  the  sample  in  order  to  get  a  low  limiting 
threshold,  the  fluence  is  high  on  the  damage  prone  surface,  and  irreversible 
damage  occurs  within  one  or  two  orders  of  magnitude  of  limiting.”  A  method  to 
alleviate  this  problem  is  to  use  thick  samples  (thickness  larger  than  the  depth  of 
focus),  and  focus  into  the  bulk  of  the  material  reducing  the  irradiance  on  the 
damage  prone  surface.  We  find  that  this  geometry,  shown  in  Fig. 6,  gives  something 
extra.  Not  only  is  the  irradiance  reduced  on  the  surface,  but  for  high  inputs  the  2 PA 
and  defocusing  reduce  the  irradiance  in  the  bulk  preventing  damage.  This  happens 
while  maintaining  a  low  limiting  threshold.  Unfortunately,  Eq.l  and  2  are  no  longer 
valid  and  a  quantitative  description  is  difficult.  What  happens  can  be 
qualitatively  described  as  follows. 

At  very  low  inputs,  the  thick  limiter  acts  linearly  as  does  the  thin  limiter.  For 
inputs  near  the  thin  limiter' s  threshold,  the  thick  limiter  behaves  linearly  except 
in  a  region  near  the  focal  position  as  determined  by  linear  optics.  Only  in  this 
region  (within  the  focal  volume)  does  the  irradiance  become  high  enough  to  have 
significant  2PA  along  with  subsequent  carrier  defocusing.  Thus,  it  is  not 
surprising  that  the  threshold  remains  constant  to  within  a  factor  of  two  to  three 
as  the  position  of  focus  within  the  thick  limiter  is  varied.  This  is  shown 
experimentally  in  Fig. 7  where  the  limiting  threshold  is  plotted  as  a  function  of 
the  position  of  the  linear  focus  with  respect  to  the  front  surface  of  a  1cm  thick 
ZnSe  slab.”  At  higher  inputs  the  irradiance  becomes  large  enough  to  have  significant 
2PA  well  in  front  of  the  linear  focal  position.  This  has  two  consequences.  First, 
the  beam  at  focus  will  be  depleted  making  it  more  difficult  to  damage.  Secondly, 
and  more  importantly,  the  negative  phase  change  induced  on  the  wave  front  by  the 
photogenerated  carriers  negates  the  beam  convergence  prior  to  focus.  The  beam  is 
defocused  and  damaging  irradiances  are  never  reached  within  the  material.  The 
dynamic  range  is  now  only  limited  by  front  surface  damage.  In  principle  this 
threshold  can  be  made  arbitrarily  high  by  making  the  optics  larger. 

Figure  8  shows  the  output  of  a  thick  limiter  device  using  an  aperture  placed 
aSOcm  behind  the  second  lens.  The  limiting  is  very  weakly  dependent  on  the  focal 
length  of  the  second  lens  and  the  distance  to  the  aperture.  Also  shown  is  the 
limiting  effect  of  2PA  by  itself  when  all  of  the  transmitted  energy  is  collected. 
The  primary  limiting  mechanism  (fluence  limiting  as  shown  in  Fig. 8)  is  seen  to  be 
defocusing.  Using  limiters  in  this  configuration  with  picosecond  0.5/jm  pulses  and 
tight  focusing,  we  have  obtained  limiting  energies  down  to  =:14nJ,  corresponding  to 
a  peak  power  of  =400  W,  with  a  dynamic  range  of  =10’.  With  nanosecond  pulses  the 
limiting  power  is  actually  reduced.  This  is  true  because  for  a  fixed  irradiance 
longer  pulses  create  more  f ree-carriers,  as  shown  by  Eg. 3,  which  more  effectively 
defocus  the  beam;  thus,  the  fluence  at  some  distance  toward  the  far  field  will  be 
limited.  Figure  9  shows  the  limiting  energy  obtained  with  18ns  FWHM  O-SS^m  pulses 
focused  into  a  1cm  thick  ZnSe  slab  as  a  function  of  the  linear  optics  focal 
position.  The  limiting  energy  of  less  than  2iiJ  when  focused  in  the  bulk, 
corresponds  to  a  peak  input  power  of  less  than  100  Watts.  Again,  the  device  was 
self  protecting  in  the  bulk. 

We  have  done  experiments  using  picosecond  pulses  to  give  approximate  scaling 
relations  to  optimize  limiting  by  changing  the  focusing  geometry  and  sample 
thickness.”  If  the  only  limiting  process  were  2PA  (eg.  as  occurs  in  many  liquid 
crystals”),  the  limiting  energy  El  would  be  independent  of  the  focusing  geometry. 
This  is  true  since  the  irradiance  I  is  proportional  to  l/w„’  (w„  is  the  spot  radius 
at  focus)  while  the  effective  interaction  length  in  the  sample  is  the  depth  of 
focus  which  is  proportional  to  w^’.  Thus,  the  product  ^IL  (L  is  the  sample  length), 
which  determines  2PA  (see  Eq.l),  is  independent  of  the  focal  length.  As  shown  in 
section  VII,  if  self-defocusing  is  dominant  even  at  the  limiting  threshold,  we 
expect  El  “  '^0  •  Indeed,  our  experiments  confirm  the  importance  of  self¬ 

refraction,  however,  the  results  for  the  limiting  energies  in  ZnSe  using  two 
different  focal  length  lenses  more  closely  fit  an  even  stronger  dependence  on  spot 
size  (nearly  w^’).”  Assuming  that  we  focus  as  far  into  the  sample  as  possible  (ie. 
on  the  back  surface),  we  have  the  limiting  energy  independent  of  L  but  proportional 
to  w„.  The  damage  energy  Ep  ,  however,  depends  on  the  beam  area  at  the  surface, 
which  is  proportional  to  L’/w^’.  This  gives  us  a  dynamic  range  Ep  /El  that  depends 
on  L’/w„’.  While  the  data  giving  this  empirical  scaling  relation  are  limited,  and 
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7.  A  plot  of  the  limiting  energy  El  as  a  function  of  the  distance  behind  the  front 
surface  of  a  icm  thick  slab  of  ZnSe  to  the  linear  focal  position.  The  pulsewidth  is 
30ps  FWHM  and  the  beam  size  at  the  3.75cm  focal  length  lens  is  1mm. 


8.  Input/ output  characteriscics  of  a  ZnSe  thick  optical  limiter  showing  a)  the 
linear  transmission  b)  the  effects  of  two-photon  absorption  (ie.  all  energy 
collected)  c)  a  plot  of  the  transmitted  energy  through  an  aperture  (ie.  fluence  in 
arbitrary  units)  as  a  function  of  the  input  0.53/im  picosecond  pulses. 
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extrapolating  the  results  is  suspect,  it  is  clear  that  tight  focusing  (small  w„) 
and  thick  samples  should  give  a  larger  dynamic  range  and  lower  limiting  threshold. 

V.  Monolithic  Limiter 

These  design  criteria  were  taken  to  the  extreme  by  making  the  monolithic 
limiter  shown  in  Fig. 2  .  This  design  takes  the  damage  prone  surface  as  far  from 
focus  as  is  possible  while  maintaining  high  irradiance  within  the  bulk,  thus, 
maximizing  the  dynamic  range.  The  output  of  the  frequency  doubled  single  pulse 
mode-locked  Nd:YAG  laser  was  collimated  to  a  spot  size  Wg  (HWl/e*M)  of  imm  and 
directed  into  the  device.  Two  devices  were  made,  one  of  ZnSe  and  one  of  ZnS.  We  have 
previously  reported*^  (see  Fig. 3)  the  ZnSe  device  to  have  a  limiting  energy  of 
~10nJ,  which  corresponds  to  -300W  for  30ps  FWHM  input  0.53;im  pulses,  and  a  dynamic 
range  of  greater  than  10<.  Optical  damage  to  the  bulk  of  the  material  is  prevented 
by  the  combined  effects  of  beam  depletion  due  to  2PA  and  carrier  defocusing  prior 
to  the  focal  position  determined  by  linear  optics.  This  monolithic  limiter  is, 
thus,  self-protected  against  high  irradiance  picosecond  pulses.  It  was  expected 
that  the  device  would  also  be  self -protected  against  nanosecond  pulses  as  was  true 
when  we  focused  less  tightly  into  plane  parallel  ZnSe  samples.  Unfortunately, 
however,  both  devices  suffered  bulk  damage.  When  we  focus  extremely  tightly  as  in 
the  monolithic  device,  the  focal  volume  becomes  so  small  that  the  temperature 
change  due  to  nonlinear  absorption  of  the  more  energetic  nanosecond  pulses  may 
give  rise  to  a  thermal  nonlinearity  which  in  ZnSe  is  a  self-focusing  nonlinearity. 
The  thermal  self-refraction  for  very  tight  focusing  may  overcome  the  free-carrier 
defocusing  and  cause  beam  collapse  and  damage.  The  problem  can  be  overcome, 
however,  by  using  materials  with  a  negative  thermal  nonlinearity  or  by  not 
focusing  as  tightly.  Not  focusing  as  tightly  though,  raises  the  limiting  energy 


VI.  Band-gap  and  Wavelength  Dependence 

The  dimensions  of  the  ZnSe  and  ZnS  devices  were  slightly  different  so  that, 
accounting  for  the  different  refractive  indices,  the  calculated  (by  linear  optics) 
spot  sizes  in  the  center  of  both  devices,  were  the  same.  The  behavior  of  the  ZnS 
device  was  qualitatively  similar  to  the  ZnSe  device;  however,  the  limiting  energy 
El  measured  under  similar  conditions  was  130nJ  ,  a  factor  of  13  higher  than  for 
ZnSe.  A  reason  for  the  large  difference  in  limiting  energies  is  the  dependence  of 
nonlinear  refraction  on  band-gap  energy.  Using  the  model  first  calculated  by 
Auston  el.  the  nonlinear  refractive  index  is  given  by; 


An 


SarP^e^N  1 

3n(ftw)2Eg  l-(ftu/Eg)» 


(6) 


where  n  is  the  linear  refractive  index,  P  the  Kane  momentum  parameter  (Ep=2P*m/** 
with  m  the  electron  mass),  and  ha  is  the  photon  energy.  From  Eg. 3  the  carrier 
density  N  is  given  by; 


N(t)  = 


(7) 


Thus,  N  and  hence  An  is  proportional  to  P/ha,  so  that  using  Eg. 4,  we  obtain  the 
frequency  and  band-gap  dependence  of  the  index  change  as; 


Eg  (2*w/Ea-l)3/2 
(«u))«  l-(fta>/Eg)2  * 


(8) 


The  laser  frequencies  are  the  same  (fiw=2.34eV),  but  the  energy  gap  for  ZnSe  is 
2.67eV  compared  to  3.66eV  for  ZnS.  Therefore,  for  identical  pulsewidths  and 
irradiances  An(ZnSe)=!8.3xAn(ZnS) .  This  accounts  for  most  of  the  factor  of  13 
difference  in  measured  limiting  energies.  As  the  2PA  coefficients  of  the  materials 
differ  by  less  than  a  factor  of  three  (^2nSe~5.5cm/GW,  ^2nS“2  .Ocm/GW) ,  we  conclude 
that  the  primary  limiting  mechanism  is  the  2PA  induced  free-carrier  self¬ 
refraction. 


If  we  assume  that  the  limiting  begins  when  the  overall  change  in  phase  A$  is  on 
the  order  of  2ir,  and  occurs  within  the  depth  of  focus  Zg=ra^/\  ,  we  have  the  change 
in  optical  path  length  An  Zj,  a  A  (see  Eg. 2).  For  a  fixed  ratio  ftw/Eg  ,  this 
assumption  using  Eg. 7  in  Eg. 6  along  with  p  oe  Eg"^  gives  the  limiting  energy  E^  “  I 
Wg^  <x  (fta))5/2  ,  jhe  diffraction  limited  spot  radius  Wg  is  proportional  to  A  giving 

the  scaling  relation  El  «  (ftw)3/2  .  we  see  immediately  that  we  can  expect  much 
lower  limiting  energies  at  longer  wavelengths  using  narrow  gap  semiconductors. 

Figure  10  shows  the  dependence  of  An  (Eg. 8)  on  the  incident  photon  energy  for 
ZnSe.  This  highlights  the  flat  response  of  the  limiter  over  almost  all  of  the  range 
Eg  /2  <  ha  <  Eg.  The  sharp  rise  in  An  from  zero  at  ha  =  1.33  eV  indicates  the  onset 
of  2PA  at  the  two-photon  resonance.  The  flat  region  between  1.55  and  2.4  eV 
(corresponding  to  A=800  to  500nm)  results  from  the  slowly  decreasing  generation 
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9.  A  plot  of  the  limiting  energy  E^,  as  a  function  of  the  distance  behind  the  front 
surface  of  a  Icm  thick  slab  of  ZnSe  to  the  linear  focal  position.  The  pulsewidth  is 
18ns  FWHM  and  the  beam  size  at  the  4cm  focal  length  lens  is  2.5mm  . 


10.  Theoretical  pxot  of  the  functional  dependence  of  An  (Eq.8  in  text)  versus 
photon  energy  for  ZnSe. 


POSITION  (mm) 


11.  The  transmitted  energy  at  2.8m  behind  the  ZnSe  monolithic  limiter  as  detected 
by  a  vidicon  as  a  function  of  position  at  various  input  energies. 


rate  combined  with  the  slowly  increasing  free  carrier  refraction  in  this  frequency 
range.  As  the  frequency  approaches  the  band-gap  resonance.  An  rapidly  increases. 
However,  linear  absorption  will  dominate  in  this  region,  which  is  undesireable  for 
limiting.  This  figure  clearly  illustrates  the  broad-band  nature  of  the  two-photon 
induced  free-carrier  nonlinearity  employed  in  these  limiting  devices.  In  what 
follows  we  show  the  results  of  a  careful  characterization  of  the  output  of  the 
ZnSe  monolithic  limiter  for  picosecond  input  pulses  in  both  space  and  time. 

VII.  Temporal  and  Spatial  Response 

If  we  place  a  vidicon  at  =2. 8m  behind  the  ZnSe  device  (toward  the  far  field)  we 
see  the  fluence  limiting  characteristics  of  Fig. 11  .  Here  the  temporally 

integrated  spatial  energy  distribution  is  shown  as  a  function  of  position  for  input 
energies  from  13nJ  to  61;iJ.  For  .:he  data  shown,  no  filters  were  changed  in  front 
of  the  vidicon.  As  the  input  energy  is  increased,  the  energy  simply  gets  spread  out 
in  space,  limiting  the  fluence  and  thus  protecting  the  sensitive  vidicon 
photocathode.  If  we  just  look  at  the  on-axis  portion  of  this  light  through  a  0.4mm 
aperture,  we  get  the  input/output  characteristics  shown  previously  in  Fig. 3  . 

Sending  the  pulse  through  the  limiter  onto  the  entrance  slit  of  a  2ps  resolution 
streak  camera  allows  us  to  look  at  the  spatial  and  temporal  energy  distribution 
simultaneously  on  the  vidicon  screen.  What  we  see  at  low  inputs,  shown  in  Fig.  12, 
is  the  Gaussian  spatial  distribution  and  a  nearly  Gaussian  distribution  in  time.  At 
higher  input  (Fig. 13),  as  the  pulse  develops,  the  energy  spreads  out  in  space  into 
two  "wings".  At  still  higher  energies  shown  in  Fig. 14,  the  energy  appears  to  be 
nearly  uniformly  spread  in  space  for  later  times  in  the  pulse.  This  is  clearly 
advantageous  from  the  standpoint  of  protecting  optical  components.  In  order  to 
compare  these  results  with  the  thin  sample  results.  Fig. 15  shows  the  spatial 
energy  distribution  at  various  times  for  a  125/im  spot  radius  beam  traversing  a 
0.3cm  thick  ZnSe  sample  and  propagating  11cm  in  free  space  to  the  streak  camera. 
While  there  is  certainly  a  quantitative  difference  in  the  output,  qualitatively  the 
results  are  remarkably  similar.  This  gives  us  confidence  in  using  the  analysis  for 
thin  samples  to  predict  the  performance  of  thick  limiters. 

Figure  16  shows  the  transmitted  temporal  structure  of  the  output  of  the  ZnSe 
monolithic  limiter  for  a  20/iJ  input  pulse  at  various  positions  in  the  beam.  The 
reference  beam  shows  the  position  of  the  center  of  the  pulse  in  time  (ie.  when  the 
beam  is  detected  for  low  input).  We  see  the  center  far  advanced  in  time  and 
advanced  to  a  lesser  degree  as  we  look  farther  out  in  the  beam.  The  original  beam 
only  extended  1mm.  What  is  happening  is  that  at  very  early  times  in  the  pulse  for 
high  input,  2PA  creates  f ree-carriers  which  defocus  subsequent  parts  of  the  pulse. 
This  defocusing  increases  with  time  since  the  carrier  density  increases  with  the 
time  integral  of  the  square  of  the  irradiance  over  time  as  given  in  Eg. 7  . 

Therefore,  later  portions  of  the  beam  spread  out  more  in  space  and  the  irradiance 
as  well  as  the  fluence  are  limited. 

VIII.  Conclusion 

We  have  developed  a  quantitative  understanding  of  two-photon  absorption  (2PA) 
leading  to  a  predictive  capability.  That  is,  given  n.  Eg,  Ep  and  hui  we  can  give  the 
2PA  coefficient.  We  understand  the  associated  defocusing  as  being  due  to  the  2PA 
generated  free-carrier  Drude/band-blocking  effects.  We  have  used  a  combination  of 
these  two  nonlinearities  to  build  optical  limiting  devices.  By  employing  a  "thick" 
limiter  geometry  where  we  focus  tightly  into  the  semiconductor  material,  we  have 
greatly  extended  the  dynamic  range  of  these  devices.  Defocusing  by  two-photon 
excited  carriers  makes  these  devices  self-protecting.  We  have  obtained  limiting 
energies  as  low  as  lOnJ  which  corresponds  to  =f300  Watts  for  the  picosecond  pulses 
used,  and  the  dynamic  range  is  greater  than  10*.  In  the  case  of  nanosecond  pulses, 
limiting  powers  below  100  Watts  were  obtained.  We  have  determined  that  there  are 
no  possibly  damaging  hot  spots  in  either  space  or  time.  Since  2PA  is  broad  band, 
these  devices  are  broad  band  (eg.  ZnSe  should  work  from  500  to  850  nm).  Also,  from 
our  study  of  the  band-gap  energy  dependence  of  two-photon  absorption  and  the 
scaling  of  the  resulting  nonlinear  refraction  with  wavelength,  we  expect  limiters 
using  narrow  gap  semiconducting  material  will  have  considerably  lower  limiting 
inputs  in  the  infra-red. 
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14.  Same  as  Fig.l2  for  an  input  energy  of  26/iJ . 
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15.  The  spatial  energy  distribution  at  11cm  behind  a  thin  (2mm  thick)  ZnSe  sample 
at  various  times  as  detected  by  a  streak  camera/vidicon  system  for  an  input  energy 
of  15uJ. 
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16.  The  temporal  energy  distribution  at  2.8m  behind  the  ZnSe  monolithic  limiter  at 
various  positions  in  the  beam.  A  reference  pulse  indicating  the  zero  time  and  the 
original  pulsewidth  is  shown  at  the  top. 


REFERENCES 


1.  S.A.  Akhmanov,  R.V.  Khokhlov  and  A.P.  Sukhorukov,  "Self-Focusing,  Self 
Defocusing,  and  Self  Modulation  of  Laser  Beams",  in  Laser  Handbook  V.  2, 
1151-1228  ed  by  F.T.  Arecchi  and  E.O.  Schultz-Dubois ,  North  Holland,  1972. 

2.  E.W.  Van  Stryland,  H.  Vanherzelle,  M.A.  Woodall,  M.J.  Soileau,  A.L.  Smirl,  S. 
Guha  and  T.F.  Boggess,  "Two  photon  absorption,  nonlinear  refraction,  and 
optical  limiting  in  semiconductors".  Opt.  Eng.,  2^,  613  (1985). 

3.  J.P.  Gordon,  R.C.C.  Leite,  R.S.  Moore,  S.P.S.  Porto,  and  J.R.  Whinnery,  Bull. 
Am.  Phys.  Soc.  Sec.,  119 ,  501  (1964). 

4.  J.P.  Gordon,  R.C.C.  Leite,  R.S.  Moore,  S.P.S.  Porto,  and  J.R.  Whinnery,  "Long- 
transient  effects  in  lasers  with  inserted  liquid  samples",  J.  Appl.  Phys.  ^ 
(1965) . 

5.  R.C.C.  Leite,  R.S.  Moore  and  J.R.  Whinnery,  "Low  absorption  measurements  by 
means  of  the  thermal  lens  effect  using  an  He-Ne  laser",  Appl.  Phys.  Lett.,  5, 
141  (1964). 

6.  C.E.  Rieckhoff,  "Self-induced  divergence  of  CW  laser  beams  in  licfuids  —  a  new 
nonlinear  effect  in  the  propagation  of  light",  Appl.  Phys.  Lett.,  9  (2),  87 
(1967). 

7.  R.C.C.  Leite,  S.P.S.  Porto  and  P.C.  Damen,  "The  thermal  lens  effect  as  a  power 
limiting  device",  Appl.  Phys.  Lett.,  10  (3),  100  (1967). 

8.  M.J.  Soileau,  "Passive  intensity  limiter  based  on  nonlinear  optics",  Annu. 
Meet.  Opt.  Soc.  Amer.,  Chicago,  IL,  Oct  (1980).  Abstr.  in  J.  Opt.  Soc.  Amer.,  20, 
1051  (1980). 

9.  M.J.  Soileau,  W.E.  Williams  and  E.W.  Van  Stryland,  "Optical  power  limiting  with 
picosecond  response  time",  IEEE  J.  Quantum  Electron.,  QE-19,  731  (1983).  See 
also  W.E.  Williams,  M.J.  Soileau  and  E.W.  Van  Stryland,  "Optical  switching  and 
nj  measurements  in  CSj",  Opt.  Comm.,  50,  256  (1984). 

10.  E.P.  Ippen  and  C.V.  Shank  "Picosecond  Response  of  a  high  repetition  rate  CSj 
Optical  Kerr  Gate",  Appl.  Phys.  Lett.  92  (1975). 

11.  M.  Mohebi,  P.F.  Aiello,  G.  Reali,  M.J.  Soileau  and  E.W.  Van  Stryland,  "Self- 
Focusing  in  CSj  at  10.6/im",  Opt.  Lett.  1^,  396  (1985). 

12.  D.V.G.L.  Narashimha  Rao  and  S.  Jayaraman,  "Self-focusing  of  laser  light  in  the 
isotropic  phase  of  a  nematic  liquid  crystal",  Appl.  Phys.  Lett.,  23^,  539 
(1973) . 

13.  G.K.L.  Wong  and  Y.R.  Shen,  "Study  of  pretransitional  behavior  of  laser-field- 
induced  molecular  alignment  in  isotropic  nematic  substances",  Phys.  Rev.  A,  1^ 
1277  (1974). 

14.  I.C.  Khoo,  "Nonlinear  light  scattering  by  laser-  and  dc-f ield-induced 
molecular  reorientations  in  nematic-liquid-crystal  films",  Phys.  Rev.  A.  25, 
1040  (1982). 

15.  M.J.  Soileau,  S.  Guha,  W.E.  Williams,  E.W.  Van  Stryland  and  H.  Vanherzeele, 
"Studies  of  the  nonlinear  switching  properties  of  liquid  crystals  with 
picosecond  pulses".  Mol.  Cryst.  Liq.  Cryst.,  127 ,  321  (1985). 

16.  J.E.  Bjorkholm,  P.W.  Smith,  W.J.  Tomlinson  and  A.E.  Kaplan,  "Optical 
bistability  based  on  self-focusing".  Opt.  Lett.,  345  (1981). 

17.  D.A.B.  Miller,  C.T.  Seaton,  M.E.  Prise  and  S.D.  Smith,  "Bandgap-resonant 

nonlinear  refraction  in  III-V  semiconductors",  Phys.  Rev.  Lett.,  197 

(1981) . 

18.  J.E.  Geusic,  S.  Singh,  D.W.  Tipping  and  T.C.  Rich,  "Three  photon  stepwise 
optical  limiting  in  silicon",  Phys.  Rev.  Lett.,  1^,  1126  (1969). 

19.  T.F.  Boggess,  S.C.  Moss,  I.W.  Boyd  and  A.L.  Smirl,  "Nonlinear-optical  energy 
regulation  by  nonlinear  refraction  and  absorption  in  silicon".  Opt.  Lett.,  9, 
291  (1984). 


597 


20.  J.M.  Ralston  and  K.R.  Chang,  "Optical  limiting  in  semiconductors",  Appl .  Phys. 
Lett.,  3^,  164  (1969) 

21.  A.C.  Walker,  A.K.  Kar,  Wei  Ji,  U.  Keller  and  S.D.  Smith,  "All-optical  power 

limiting  of  COj  laser  pulses  using  cascaded  optical  bistable  elements",  Apl. 
Phys.  Lett.,  683  (1986). 

22.  A.K.  Kar,  J.G.H.  Mathew,  S.D.  Smith,  B.  Davis  and  W.  Prettl,  "Optical 

bistability  in  InSb  at  room  temperature  with  two  photon  excitation",  Appl. 
Phys.  Lett.,  334  (1983). 

23.  T.F.  Boggess,  A.L.  Smirl,  S.C.  Moss,  I.W.  Boyd  and  E.W.  Van  Stryland,  "Optical 
limiting  in  GaAs",  IEEE  J.  Quantum  Electron.,  QE-21,  488  (1985). 

24.  D.J.  Hagan,  E.W.  Van  Stryland,  M.J.  Soileau  and  Y.Y.  Wu  "Semiconductor  Optical 
Limiters  with  Large  Dynamic  Range",  OSA  annual  meeting,  Seattle,  1986. 

25.  D.J.  Hagan,  E.W.  Van  Stryland,  M.J.  Soileau,  and  Y.Y.  Wu  "Self-protecting 
semiconductor  optical  limiters",  to  be  published  Opt.  Lett.,  April  1988. 

26.  A.E.  Kaplan,  Radiophys.  Quantum  Electron.  3^,  692  (1969). 

27.  E.W.  Van  Stryland,  M.A.  Woodall,  H.  Vanherzeele  and  M.J.  Soileau,  "Energy 
band-gap  dependence  of  two-photon  absorption".  Opt.  Lett.,  3^,  490  (1985). 

28.  P.  Liu,  W.L.  Smith,  H.  Lotem ,  J.H.  Bachtel  and  N.  Bloembergen,  "Absolute  two- 
photon  absorption  coefficients  at  355  and  266  nm",  Phys.  Rev.  B17  4620,  1978. 

29.  J.  Dempsey,  J.  Smith,  G.D.  Holah  and  A.  Miller,  "Nonlinear  absorption  and 
pulse-shaping  in  InSb",  Opt.  Commun.  265  (1978),  A.M.  Johnson,  C.R.  Pidgeon 
and  J.  Dempsey,  "Frequency  dependence  of  two-photon  absorption  in  InSb  and 
HgCdTe"  Phys.  Rev.  B22 ,  825  (1980);  C.R.  Pidgeon,  B.S.  Wherrett,  A.M.  Johnston, 
J.  Dempsey  and  A.  Miller,  "Two  Photon  Absorption  in  Zinc-Blende 
Semiconductors"  Phys.  Rev.  Lett  £2,  1785  (1979). 

30.  "Self-Defocusing  in  CdSe  induced  by  charge  carriers  created  by  two-photon 
absorption",  S.  Guha,  E.W.  Van  Stryland,  M.J.  Soileau,  Opt.  Lett.  10,  285-287, 
1985. 

31.  J.A.  Hermann,  "Beam  propagation  and  optical  power  limiting  with  nonlinear 
media",  J.  Opt.  Soc.  Am.,  Bl,  729  (1984). 

32.  J.A.  Hermann,  "Simple  model  for  a  passive  optical  power  limiter".  Opt.  Acta, 
32,  541  (1985). 

33.  D.H.  Auston,  S.  McAffee,  C.V.  Shank,  E.P.  Ippen  and  O.  Teschke,  "Picosecond 
spectroscopy  of  semiconductors",  Solid-State  Electron,  21,  147  (1978). 


598 


A  DESIGN  OF  OPTICAL  SWITCHING  ELEMENTS 
THROUGH  LASER  SUBHARMOMC  PHASE  SHIFTS 
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ABSTRACT 

An  experiment  designed  to  explore  a  new  approach  in  optical  switching 
element  is  presented.  The  new  mechanism  involves  digital  locking  of  phase 
shifts  of  subharmonic  waves  generated  by  nonlinear  optics.  The  physical 
phenomenon  of  phase  locking  of  subharmonics  is  analyzed. 

The  design  sheme  has  several  advantages  over  many  of  of  the  methods 
tried  in  other  laboratories,  in  term  of  cascadability  and  elimination  of 
electrical  devices  in  computationally  critical  paths.  Certain  problems  of 
alignmnents  and  timing  control  are  discussed. 


1.  INTRODLCTION. 

Recent  advances  in  fiber  optica  have  resulted  in  high  speed  communication,  while  VLSI 
circuits  are  still  mainly  responsible  for  computation.  Aside  from  the  necessity  of  conversions 
between  electric  and  light  signals,  which  require  additional  components  and  degrade  performance, 
there  are  basic  limitations  of  the  semiconductor  circuits  which  cannot  be  overcome  in  the  current 
state  of  the  art. 

As  chip  size  and  circuit  density  increase,  the  communication  bandwidth  of  the 
interconnections  between  the  chip  and  the  outside  world  become  severely  restricted  and  expensive, 
due  to  the  limited  number  of  pins  available  and  the  complications  associated  with  circuit  layouts 
for  communication  purposes.  In  this  regard,  recent  work  on  optic  mterconnects  may  be  helpful  to 
a  certain  extent,  even  though  the  necessary  technology  is  still  in  its  infancy.  To  what  extent  the 
emerging  technology  of  optical  interconnect  will  alleviate  the  communication  bottleneck  of  the 
current  generation  of  IC  circuitry  remains  to  be  seen  in  the  next  few  years. 

The  question  whether  optical  switching  is  ever  going  to  be  feasible  or  is  even  a  good  idea  has 
been  debated  for  sometime.  The  history  of  optical  switching  is  long  and  frustrating.  Any  attempt 
to  substitute  integrated  circuits  wholly  or  partially  and  thereby  improve  upon  the  technology  has 
been  beset  by  a  different  set  of  problems  [ij. 

The  primary  requirements  of  optical  switching  elements  are  cascadability,  speed,  parallelism, 
and  compactness.  The  quality  of  signal  should  be  maintained  without  degradation  along  successive 
steps.  Also,  the  nature  of  input  and  output  signals  should  remain  the  same  for  simplicity  in 
integrating  elements.  For  example,  if  the  digital  input  state  is  coded  in  terms  of  phases,  output 
states  should  not  be  distinguished  by  different  amplitudes.  The  output  should  also  maintain  the 
same  frequency  profile.  Some  of  the  schemes  in  the  literature  indeed  violate  cascadability  in  the 
sense  described  above. 

2.  SLHIlARMOMC  WAVE  I’lIASE  SHIFT 

This  paper  presents  work  done  to  come  up  with  a  new  idea  on  how  to  utilize  nonlinear  optics 
for  optical  switching.  For  this  purpose,  degenerate  parametric  oscillation  is  investigated  as  a 
means  of  subharmonic  wave  generation.  Then  a  mechanism  for  controlling  the  phase  shift  of  the 
generated  subharmonics  is  predicted.  Once  this  process  is  accomplished,  the  paper  shows  how  to 
implement  optical  switching  in  this  framework. 

The  initial  phase  of  the  work  is  concerned  with  the  establishment  of  basic  principles  without 
much  attention  given  to  neatness  and  compaction.  The  experiment  in  the  first  stage  is  conducted 
in  bulk  optics.  Subsequent  phases  of  the  work  will  focus  on  the  realization  of  the  same  ideas  in 
integrated  optics.  In  recent  years,  lithium  niobate  wave  guides  have  been  successfully  used  for 
observation  of  harmonic  wave  generation  parametric  oscillation,  parametric  fluorescence  end 
other  related  second-order  phenomena  by  \\  .  Sohler  and  his  colleagues  [2]. 
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Parametric  oscillation  in  mechanics  was  studied  as  early  as  the  I9th  century.  In  Melde’s 
experiment,  the  string  attached  to  a  tuning  fork  is  given  a  periodic  variation  of  tension  by  the 
vibrating  tuning  fork,  if  the  tuning  fork  vibrates  at  frequency  2/,  the  string  vibrates  at  steady 
state  with  a  second  subharmonics  of  frequency  f  (Fig.  1).  When  the  string  is  made  to  oscillate  at  a 
steady  subharmonic  frequency,  there  is  an  ambiguity  in  the  phase  shift  of  subharmonic  waves,  as 
noticed  by  M.  Faraday  and  Lord  Raleigh  [3].  In  the  case  of  2nd  subharmonics,  there  are  two 
possible  phase  shifts,  different  from  each  other  by  "  radians. 


In  general,  for  the  generation  of  nth  subharmonics,  there  are  ii  possible  phase  shifts, 


■2-  1-  -.’r 

0.  - .  —  .  -H - . 

n  t>  n 


where  rn  =  ii  -  1. 

Incidentally,  no  such  ambiguity  arises  in  harmonic  waves. 


For  the  purpose  of  this  paper,  the  rest  of  the  discussion  will  be  confined  to  the  2nd 
subharmonic  case  only,  with  the  understanding  that  corresponding  circumstances  for  other 
subharmonics  may  be  valid  also. 

It  is  not  hard  to  see  the  origin  of  this  ambiguity  in  terms  of  classical  damped  oscillation. 
Suppose  that  a  classical  mechanical  damped  oscillator  without  a  driving  force  has  a  spring 
constant  modulated  at  frequency  ir  .  The  equation  for  displacement  can  be  written  in  the  form 


(l~h  dh 

-r  K  +  ( ■  -I-  2n  sin  ir^  I )  h  =0 
dl  ■ 


(I) 


where  k  is  a  damping  constant  and  it  is  a  modulation  index. 

The  consequence  of  the  parametrically  driven  oscillation  is  that  under  certain  conditions 
sustained  oscillation  at  frequency  «  is  possible.  For  a  proof,  let  us  assume  a  solution  of  the  form 

h  =  .1  cos  ( nd  ■*-  o)  . 

After  neglecting  nonsynchronous  terms  for  oscillation  frequency  of  +  ir,  we  have 


:  I  r( 


=  0 


Thus  the  steady-state  oscillation  is  possible  if 


(:!) 


o  =  0  or  :7  . 

The  condition  a  =  u  k  indicates  the  threshold  strength  of  the  pumping  to  overcome  the  losses. 
If  the  pumping  power  is  stronger,  the  generated  subharmonic  wave  will  get  stronger  in  the  linear 
region  but  eventually  will  stabilize  to  a  maximum  amplitude  for  subharmonics  because  of  the 
nonlinearity.  The  classical  equation  can  be  more  precisely  studied  for  small  modulation  parameter 
II  (  "  li /■^)  terms  of  Mathieu's  equation  and  Hill’s  techniques  [4].  For  strongly  nonlinear  cases, 

certain  interesting  analytical  results  can  still  be  obtained  along  the  lines  of  analogous  electrical 
circuit  problems  as  in  the  work  of  radio  engineers  many  years  ago  [5]. 

The  analysis  presented  above  applies  in  general  to  an  oscillator  whose  energy  storage 
parameter  is  modulated  at  pumping  frequency  ir^^.  In  order  to  extend  the  analysis  to  optical 
physics,  it  is  convenient  to  consider  the  parallel  RLC  circuit.  If  the  capacitance  i.^^  modulated  in 
the  form 


C 


sin  If  I 
P 


then  the  voltage  across  the  circuit  can  be  written,  for  AC  f  ,,  as 
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d'-\'  d\'  1  jr 

f  /c  ^  1  *  ^iii  u\^t  1=0 

dr  dl  l-('o  <0 

This  equation  is  similar  in  form  to  the  parametric  oscillation  equations  already  discussed. 

For  the  purpose  of  relating  nonlinear  optical  properties  to  the  mathematical  forms  as  above, 
let  us  consider  a  nonlinear  medium  in  which  the  polarization  /’  is  induced  with  a  second  order  term 
in  applied  field  E. 

/'=  ^  .  iti) 

If  a  parallel-plate  capacitor  of  area  1  and  separation  >  is  filled  with  a  nonlinear  medium  with  the 
polarization  indicated  above,  the  capacitance  Is 

I  idi-: 

(  =to(l  *  Vl“  + -  (■) 

s  s 

When  the  externally  applied  electric  field  is  given  by 

r.  =  ''in  ic  i  . 

then  the  capacitance  becomes 

f„{i  ^  \)A 

=  —  sill  «■  t 

S 

This  expression  has  the  same  form  as  equation  (4).  Therefore,  the  application  of  an  electric  field 
with  a  pumping  frequency  of  ir^  to  nonlinear  dielectric  material  is  seen  to  be  formally  equivalent  in 
a  mathematical  sense  to  the  time  modulation  of  capacitance  in  lumped  RLC  circuit. 

The  phase  shift  of  the  subharmonic  wave  being  generated  is  normally  determined  by  the 
phase  of  the  noise  at  the  moment  when  the  subharmonic  wave  is  beginning  to  form.  However,  the 
ambiguity  in  phase  shift  of  a  factor  of  -t  for  2nd  subharmonics  can  be  removed  by  an  application  of 
a  seeding  wave  whose  frequency  is  the  same  as  that  of  the  subharmonic.  The  amplitude  of  the 
seeding  wave  should  be  comfortably  above  the  noise  level  but  is  small  in  comparison  to  the 
pumping  wave  amplitude.  The  timing  relation  between  the  pumping  wave  and  the  moment  of 
subharmonic  wave  creation  at  threshold  has  to  be  satisfied.  The  seeding  wave  is  required  to 
overlap  in  time  the  particular  instant  when  the  subharmonic  wave  appears  at  threshold. 

One  factor  of  importance  related  to  phase  stability  is  the  accuracy  required  of  the  seeding 
wave  phase  shift.  It  can  be  shown  that  if  the  seeding  wave  has  a  phase  shift  falling  In  the  range 

=  —  a  '*0  +  —  then  the  induced  subharmonic  phase  will  stabilize  to  i.  For  the  seeding 
•)  ■> 

-  .{r 

wave  phase  shift  range  Op  +  ,  the  corresponding  subharmonic  wave  will  settle 

•;  2 

with  a  phase  shift  of  i  +  Thus,  there  is  considerable  latitude  in  the  phase  shift  of  the  seeding 
wave.  This  effect  will  help  in  maintaining  phase  shift  relations  in  successive  steps  of  the  cascading 
sequence. 

3.  l•;x^M•;RlV1^;^TAl.  skti  i’ 

The  experimental  configuration  for  observation  of  the  locking  of  the  second  subharmonic 
wave  phase  shift  is  schematized  in  Fig.  2.  The  second  subharmonic  wave  is  produced  through  the 
degenerate  parametric  oscillation  in  which  the  signal  and  idler  frequencies  are  the  same.  The 
pumping  source  is  the  frequency-doubled  beam  at  532  nm  of  a  Q-switched  ?Nd:YAG  laser  source  at 
1064  nm. 

The  purpose  of  Q-switching  is  twofold.  It  will  better  meet  the  high  power  need  for  efficient 
nonlinear  bulk  interaction  and  also  provide  the  pulsing  of  the  pumping  wave  for  new  seeding  at 
each  pulse,  as  long  as  there  is  no  leak  between  pulses.  The  nonlinear  material  is  a  barium  borate 
crystal  (BBO).  For  type  I  phase  matching  in  which  the  incoming  beam  is  extraordinary  while  both 
signal  and  idler  waves  are  ordinary,  the  collinear  phase  matching  angle  between  the  optic  axis  and 
the  incoming  ray  is  approximately  22.9  degrees. 
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The  source  beam  Is  divided  into  two  parts  by  the  beamsplitter.  The  seeding  wave  Is  first 
generated  in  the  crystal  and,  after  passing  through  the  filter  for  elimination  of  fundamental 
frequency,  is  modulated  by  an  electrooptic  phase  modulator  to  either  0  or  This  phase 
modulation  pattern  is  determined  by  the  square  wave  voltage  pattern  generator  attached  to  the 
phase  modulator.  The  pattern  generator  and  Q-switching  signals  need  to  be  synchronized. 
Generally  the  input  voltage  pattern  provides  the  input  information  to  be  processed  in  the 
experiment.  The  delay  component  between  BSl  and  BS2  in  the  schematics  is  to  synchronize 
seeding  and  pumping.  Note  that  the  same  crystal  and  filter  are  used  for  both  creation  of  the 
seeding  wave  and  later  subharmonic  phase  control. 

As  shown  in  the  schematics,  the  delay  component  between  BS3  and  BS4  is  to  delay  the 
reference  beam  so  that  it  will  arrive  at  the  beamsplitter  BS4  simultaneously  with  the  phase- 
controlled  subharmonic.  The  interferometer  is  a  modification  of  the  Mach-Zehnder  type.  After 
proper  alignment,  the  beam  can  be  made  to  switch  to  either  one  of  the  detectors,  depending  on  the 
relative  phase  difference  between  the  two  beams,  as  either  constructive  or  destructive  interference 
takes  place. 

4.  CONCI.USION 

The  approach  taken  in  this  work  indicates  the  possibility  of  building  optical  switching 
components  through  Mach-Zehnder  configuration.  The  early  part  of  the  experiments  will  focus  on 
the  verification  of  the  phase  control  mechanism  proposed  using  configurations  for  bulk  optics. 
Subsequent  phase  of  the  work  will  be  aimed  at  implementation  of  integrated  optics  based  on 
waveguides  of  cross  sectional  diameter  of  the  order  of  the  wavelength. 

Many  practical  experimental  details  need  to  be  probed.  These  include  alignment  with 
submicron  accuracy  and  control  of  phase  jitter  and  amplitude  noise  within  reasonable  bounds. 
Also,  stable  phase  matching  for  degenerate  parametric  oscillation  needs  much  investigation. 

The  proposed  mechanism  provides  an  alternative  to  the  currently  predominant  techniques  in 
optical  processing  Involving  bistability  and  other  mechanisms  directly  or  indirectly  related  to  the 
change  of  the  refractive  index.  The  need  for  exploration  of  new  types  of  logical  elements  remains 
acute. 
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FIGURE  CAPTIONS 


1.  Melde's  experiment  and  steady  state  string  oscillation  with  two  possible  phases. 

2.  Schematic  of  the  experimental  setup  for  observation  of  subharmonic  wave  phase-locking 
mechanism  and  optical  switching. 
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ABSTRACT 


Frequency  conversion  schemes  including  SHG,  THG,  SFM,  DFM,  OPO  are 
presented  for  tunable  coherence  sources  ranging  from  UV  to  mid-IR. 
The  phase  matching  curves  of  BBO  crystal  used  as  SFM  of  dye  lasers  are 
shown.  The  key  parameters  of  OPO  including  cavity  and  crystal 
lengths,  mirror  reflectivities,  gain  function  and  bandwidth  are 
analyzed.  The  OPO  phase  matching  curves  of  BBO  and  KTP  for  various 
pumping  wavelengths  are  calculated  and  the  effective  nonlinear 
coefficients  are  compared  for  various  confiqiArations.  Novel  schemes 
of  rapid-tuning (wavelength  steering)  using  tunable  pumping  sources  in 
OPO  (such  as  dye-laser,  Ti-sapphire  laser  and  Alexandrite  laser)  are 
explored  via  the  phase  matching  curves  of  BBO  crystal.  Noncritical 
phase  matching  conditions  in  diode-pumped  system  are  calculated  and 
the  potential  applications  for  tunable  diode-pumped  lasers  with 
visible  and  mid-IR  spectral  ranges  are  presented. 


I .  INTRODUCTION 

Recent  technology  of  optical  materials 
growth,  both  in  laser  materials  and 
nonlinear  crystals,  generates  many  new 
coherence  sources  with  tunable  spectral 
regimes  which  are  difficult  or  can  not  be 
achieved  by  conventional  lasers  and 
materials. [1-12]  In  this  paper  we  shall 
review  the  recent  progress  and 
applications  of  new  laser  sources  generated 
from  new  nonlinear  crystals  via  various 
frequency  conversion  techniques.  For 
frequency  up-conversion,  these  techniques 
include  second-harmonic  generation (SHG) , 
sum-frec[uency-mixing(SFM)  and  anti-Stokes 
in  stimulated  Raman  scattering (SRS) . 
On  the  other  hand,  for  frequency  down- 
conversion,  technic[ues  shall  include 
optical  parametric  oscillation  (OPO) , 
difference-frequency-mixing (DFM)  and  Stokes 
in  SRS . 

The  spectral  regimes  to  be  discussed 
in  Section  II  shall  include  XUV  (38-120 
nm) ,VUV  (189-200  nm) ,  UV(200-400  nm) , 
visible  (400-700  nm)  and  IR  (1-8  micron) 
generated  from  frequency  conversion  of 
various  lasers  including  solid-state 
lasers,  fiber  lasers,  free-electron-lasers, 
gas  lasers,  dye  lasers  and  the  newly- 
developed  diode-lasers. 

In  section  III,  we  introduce  the 
applications  of  BBO  crystal  for  tunable  UV 
sources  and  another  new  crystal  called 
lithium-borate (LBO) .  The  key  parameters 
for  OPO  and  the  phase  matching  curves  using 
BBO  and  KTP  crystal  and  the  novel  scheme  of 
rapid-tuning  are  shown  in  Section  IV.  In 
Section  V,  we  explore  the  noncritical  phase 
matching  crystals  with  applications  to 
diode-pumped  lasers. 


II.  TUNABLE  LASER  SOURCES 
Applications 

Coherence  sources  with  spectral  ranges 
of  XUV  to  IR  cover  a  variety  of  application 
areas  including  research,  industry, 
medicine  and  military.  Specific  examples 
are:  (1)  laser  sources  in  3-5  and  8-12 
micron  for  military  IR  countermeasure;  (2) 
1.4-2. 5  micron  for  remote  sensing  in  lidar 
and  DIAL  systems;  (3)  1.54  micron  for 
eyesafe  radiation  used  in  tactical  training 
systems;  (4)  tunable  visible  sources  (400- 
700  nm)  and  UV  sources  (200-400  nm)  for 
materials  and  optical  processing, 
biomedical  studies  and  various  military 
systems,  (5)  XUV  (38-120  nm)  sources  for 
photochemical  and  spectroscopy  studies. 

Frequency  Conversion  Schemes 

In  Fig.  1,  we  have  shown  the  direct 
output  spectra  of  various  lasers  without 
using  frequency  conversions.  We  note  that 
most  of  the  gas  lasers  (excimer,  ionic  and 
metal  vapor  lasers)  provide  only  discrete 
spectra  of  radiation  whereas  free-electron 
lasers,  dye  lasers,  color-center  lasers, 
diode  lasers  and  some  of  the  newly 
developed  solid-state  lasers  generate 
tunable  sources.  New  lines  generated  from  a 
He-Ne  laser  have  been  recently  developed. 
They  include  the  visible  wavelengths  of 
543,  594,  612  and  633  nm  as  well  as  1152, 
1523,  2396  and  3392  nm  infrared 
wavelengths. 

Frequency  conversion  techniques  using 
both  Raman  gas  media  and  solid-state 
(crystals)  provide  not  only  many  new 
discrete  laser  lines  but  also  spectral 
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regimes  with  new  tuning  ranges.  In  Fig.  2, 
we  have  shown  UV  and  visible  tuning  ranges 
generated  from  SHG,  SFM,  OPO  and  SRS  in  the 
Nd:YAG  laser  and  the  YAG  pumped  Ti: sapphire 
lasers.  We  note  that,  except  for  some  small 
spectral  gaps,  tunable  sources  covering  the 
whole  regimes  from  UV  to  visible  (189-700 
nm)  may  be  achieved  by  achieved  by  these 
conversion  schemes. 

Fig.  3  shows  the  tuning  ranges  of  189- 
500  nm  by  using  SFM  of  dye-lasers  and  the 
IR  ranges  of  1.3-6. 4  micron  by  using  DFM  of 
dye  and  Nd:YAG  lasers.  Also  shown  are  the 
very  wide  tuning  ranges  of  harmonics  of 
free-electron  lasers,  0.2-10  micron.  The 
new  XUV  radiations  generated  by  SFM  and 
frequency-mixing  in  inner  gases  dye-laser 
and  harmonics  of  NdtYAG  and  excimer  lasers 
are  shown  in  Fig  4 .  We  note  that  a  deep-UV 
source  of  189  nm  has  been  recently 
developed  by  Lambda  PhysiJc  Co.  by  SFM  of 
dye-laser  outputs  of  788  nm  and  248.5  nm 
(from  doubling  of  497  nm) . 

For  new  laser  sources  in  the  IR 
regions,  conversion  techniques  using  DFM, 
OPO  and  SRS  are  shown  in  Fig.  5  and  6. 
Diode-lasers  featuring  the  advantages  of 
compact,  long-lived,  stable  and  cost 
effective  are  shown  in  Fig.  7,  where  new 
sources  in  the  UV  and  visible  regions  (308- 
609  nm)  generated  by  various  schemes  are 
represented.  Greater  details  of  OPO  using 
BBO  and  KTP  will  be  discussed  in  Section 
III  and  the  noncritical  phase-matching 
crystals  for  diode-pumped  lasers  will  be 
discussed  in  Section  IV. 

III.  NEW  CRYSTALS  FOR  UV  SOURCES 

The  recently  discovered  beta-barium- 
borate  (BBO)  crystal  promises  the  unique 
applications  for  tunable  UV  sources  by 
frequency  conversion  of  the  dye-lasers.  As 
shown  in  Fig.  8,  the  phase  matching  angles 
of  BBO  (type  I )  indicate  the  cut-off 
wavelengths,  defined  by  the  90-degree  phase 
matching  angle  which  results  in  deff  =  cos 
=  0,  for  SHG.  THG  and  SFM.  It  is  seen  that 
a  deep-UV  source  of  189  nm(limited  by  the 
transparency  range  of  BBO)  may  be  achieved 
by  SFM  of  two  dye-lasers  at  789  nm  and 
248.5  nm  (generated  from  SHG  of  497  nm) . 
For  comparison, the  shortest  wavelengths  may 
be  achieved  by  direct  SHG  and  THG  of  dye- 
laser  are  204  nm  and  195  nm,  respectively. 
Experimental  results  for  the  generation  of 
189  nm  and  SHG  of  high-averate-power 
copper-vapor  laser  (with  4%  output  of  255 
nm)  have  been  reported. [ 13 ],[ 14 ] 

BBO  crystal  has  also  been  used  for  the 
generation  of  high-order  harmonics  of  a 
Nd:YAG  laser,  up  to  the  fifth-harmonics 
with  an  output  wavelength  of  212  nm  and 
conversion  efficiency  of  12%.  [5] 
Furthermore,  this  212  nm  sources  has  also 
been  used  as  a  pumping  source  for  the 
third  harmonic  generation  in  argon  gas  with 
an  output  wavelength  as  short  as  71  nm.[15] 

Another  borate-family  crystal  called 
lithium  borate(LBO)  promises  the  generation 
of  deep-UV  sources.  This  LBO  crystal  has 
transparency  range  of  0.16-2.5  um  and 


190  200  210 

OUTPUT  WAVELENGTH  (nm) 

Fig.  8  Tunable  deep-UV  sources  generated 

from  SHG,  THG  and  SFM  in  BBO(type  II) 
where  the  phase  matching  angles  are 
shown  vs.  output  wavelengths.  For 
SFM  case  248  nm  is  suming  with  output 
from  a  dye  laser. 


rather  high  damage  threshold,  25  GW/ cm  for 
SHG  of  0.1  ns,  1064  nm  YAG  laser. [16] 

IV.  OPTICAL  PARAMETRIC  OSCILLATION  USING 

- 550  7glP~KTP  CRVSTALg - 

Tunable  coherence  sources  in  the  mid- 
IR  spectral  regime  (1.8-5  micron)  may  be 
achieved  via:  (A)  tunable  color  center 
lasers,  (B)  difference  frequency 
mixing(DFM) ,  (C)  optical  parametric 
oscillation (OPO)  and  amplification (OPA) , 
and  (D)  stimulated  Raman  scattering (SRS) . 

We  shall  now  discuss  the  key  issues  of 
optical  parametric  oscillation (OPO)  and  the 
tuning  curves  using  BBO  and  KTP  crystals. 

Frequency  conversion  technique  using 
OPO  provides  the  unique  tool  for  the 
generation  of  tunable  sources.  To  achieve 
the  mid-IR  spectral  regime  of  1.8-5  microns 
the  pump  beam  wavelengths  for  the  OPO 
process  must  be  in  the  1-2  microns  range 
which  may  be  generated  from  several 
systems: 

(1)  direct  output  (tunable)  of  Co:MgF2 
(1.5-2. 3  um) ,  Ni:MgF2  (1.62-1.8)  lasers. 

(2)  direct  output  (fixed  wavelength) 
from  Nd:YAG  (1.064,  1.32  um) ,  Nd:yAF 
(1.047,  1.053,  1.313),  Nd:YAP(1.08,  1.34), 
Ho:YAG  (2.06)  and  Er:YAG  (2.94  um) . 

(3)  OPO  (tunable)  in  nonlinear 
crystals  using  the  output  of  (1)  or  (2)  as 
the  pumping  sources. 
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METAL  VAPOR  LASER 

(325,442,510,578,628  nm) 
excImer^laser  (193,222,248,308,351  nm) 
dye-laser(315  -  1000  nm) 
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chemica?  laser 
(2.6  -  4.0  dm) 


♦  solid-state  laser  > 

fixed;  Ruby,  Nd,  Er,  Ho  doped  yag,  yap,  ylf,  bel  etc 
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< - ► 

Diode-laser 

(750-860,  904,  1300-1600  nm) 

- - - 

color-center  laser(0.36  -  3.99  jum) 

fibre  Raman  laser  (0.3  -  2.0  jum) 

free-electron  laser(0.5  -  10  jum) _ 


(0.2  -  10  Aim)  with 

hnlqu«s . 


0.23  -  0.26 
0.5  -  0.7 
0.19  -  0.21 


Fig.  2  Tunable  new  laaers  In  UV  and  v  la  I  b  I  e  <0 . 1  89-0 . 2  ui.) 

generated  troai  SFM  and  OPO  In  YAC-pumped  eapphlre. 


Table  1  — Nonlinear  Crystals  Transparent  From  0.2-5  ^im  C3] 

Transparency  Phase-Matching  Damage  Threshold  Reietive  Figure 
Material  Range  (nm)  Range  (Type)  (GW'cm'i  0*  Merit  (1) 

KOP  2(X)-1500  5171500(1)  0.20  1.0 

KOP  200-1500  732-1500  (M)  0.20  1.8 

D-COA  270-1600  1034-1600(1)  0  50  1.7 

Urea  2'.Z-  ICC  473  ' ’CC  »ii  ..50  6l 

Urea  210-1400  600-1400(1!)  1.50  10.6 

BBO  198-3300  400-3300(1)  5.00  26.0 

BBO  198-3300  526-3300  (11)  5,00  15.0 

lap  220-1950  440-1950(1)  10.00  40.0 

L1IO3  300-5500  570-5500  (!)  0.50  50,0 

m-NA  500-2000  1000-2000  (1)  0.20  60.0 

MgO:L<ND03  400-5000  800-5000  (!)  0.05  105,0 

KTP  350^500  1000-2500  (ti)  1.00  215.0 

POM  414-2000  030-2000(1)  2.00  350  0 

MAP  472-2000  900-2000(1)  3.00  1600  0 

KNDO3  410-5000  840-1065  (II)  0.35  1460/1755(2) 

COANP  480-2000  960-2000  -  4690.0 

DAN  4302000  860-2000  —  50900 

Structure- 

moaulated  LiNb03  400-5000  800-5000  0.05  2460n2  (3) 

(1) The  relative  figures  of  merit  are  based  on  the  value  of  KDP  in  Type  I  ohase-matching 
for  SHG  at  1.06  Mhi.  All  are  at  room  temperature  except  D-CDA.  MgOiLiNbO,;  and  KNbOg. 
where  high-temperature  noncnticai  phase-matching  is  employed.  The  aosolute  value  for 
KDP  is  calculated  in  Reference  2  as  0.025  pm/V. 

(2)  For  KNbOj  crystal,  room-temperature  90®  phase-matching  at  860  nm  uses  d32.  while 
pnase-maiching  at  986  nm  uses  d3l.  Numerically.  d32  =  1.33 xd3i  =  20.4  pm/V. 

(3)  Structure-modulated  LiNbO,  is  grown  in  quasi-phase-matching  conditions,  where  N 
IS  the  numoer  of  periodic  laye'rs  of  the  structure-grown  crystal. 


Table  2^NonIinear  Crystals  Transparent  From  0.5*20 

Transparency  Absorption  Damage  Threshold  Reietive  Figure 
iteriei  Benge  (#im)  (cm' ’  at  106  nm)  (MW/cm^)  01  Merit  (1) 


AgGaS^ 

C^dSe 

AgGaSe2 

TAS 

CdGeAs, 


Ot  Merit  (1) 
1.0 
1.6 
6.3 
6.5 
9.2 
14,0 
270.0 


(1)  The  relative  figure  of  merit  is  based  on  the  value  of  14.0  pm/V  for  SHG  at  10.6 
m  AgGaS, 


pYE-LASER  I  ^  ~ 
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Nd:YAgHsHgMtHg1H5Hg|  \ 


Dye-laserI— I  SHGl 
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■QHGf-*  71  NM 
(in  Ar) 
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laser  sources  with  tunlnR  rangefl  of  I 


03 


Fig.  6  Tunable  new  laser  sources  (1  -  18  uoi)  using  OPO  and 
Ranan^shlft  in  crystals  and  gas  media,  respectively. 


Nonlinear  crystals  suitable  for  the 
generation  of  tunable  mid-IR  sources  (2-5 
microns)  as  shown  in  Tables  1  and  2. 
Crystals  shown  in  Table  1  have  very  high 
damage  threshold  (  up  to  10  GW/cm  ) , 
however,  they  are  limited  by  the 
transparency  range  of  0.2-5  microns. 
Crystals  in  Table  2  have  much  wider  IR 
transparency  ranges  and  higher  figure  of 
merits  (1,000-30,000  times  of  KDP)  , 
however,  they  are  limited  by  the  rather  low 
damage  thresholds  (up  to  45  MW/cm  ) . 
Furthermore,  growth  technology  for  crystals 
shown  in  Table  2  are  not  as  advanced  as 
that  of  those  shown  in  Table  1.  Crystals 
(mainly  in  Table  l)  for  the  generation  of 
2-4  microns  sources  via  OPO/OPA  processes 
shall  include  BBO,  KTP,  Mgo-doped  lithium 

niobate(IiN) ,  structure-modulated  LN, 
potassium  niobate  and  organic  crystals  of 
LAP,  m-NA,  POM,  DAN  and  NPi'.  Furthermore, 
thin  film  and/or  wave-guide  crystal  such  as 
proton-exchanged  lithium  niobate  may  also 
be  the  potential  candidates.  In  using  KTP 
crystals,  we  shall  note  that  the  phase 
matching  angles  are  different  for  flux- 
grown  (  Chinese  crystal)  and  hydrothermal ly- 
grown  (Airtron's  Crystal)  KTP. 

We  should  also  note  that  those 
semiconductor  crystals  shown  in 

Table  2  have  very  high  FOM,  500- 
5,000  times  of  KDP,  however,  they  are 
limited  by  rather  low  damage  threshold  and 
usually  can  not  be  temperature  tuned  for 
NPM  operation.  Considering  the  transmission 
ranges  of  0.4-5  um  for  KTP  and 
KNb03  and  their  possible  NPM  operation, 
these  two  crystals  may  be  as  good  as  or 
even  better  than  the  semiconductor 
c^stals  for  applications  of  OPO  in 
mid-IR  ranges. 

CRITICAL  ISSUES  OP  OPO 

The  critical  issues  of  OPO  may  be 
outlined  as  follows: 

1)  conversion  efficiency  and  threshold  power 

2)  tunablility  and  beam  steering 

3)  cavity  design 

4)  output  beam  quality 


Fit-  ^  Vlalble  and  UV  aourcea(108  -  na)  ftaneraced  frea 

SMC  and  SFH  of  dlodt-laaers  and  d lode- puaped - 1 aaer a . 


Greater  details  are  discussed  as  follows. 

The  OPO  gain  function  is  given  by 

g  =  [  -  (  Ak/2)^  ],  (2) 

Where  the  parametric  gain  constant  is  given 
by 

2  2  2 

r  =  8  deff  /  (n,  n^  n^  A,A-Aj<tC)  ,  (3) 


the  effective  d-coefficiency  (deff) 
depending  upon  the  crystal  symmetry  and  the 
phase-matching  angle  ( 0 ) . 

For  BBO  (type  1) , 

deff(esu)  =  4.26  x  10*®  cost) 

For  Mg0:LiNb03  (type  I), 

deff(esu)  =  12  x  10'^  sin  6 

For  POM  (type  I) , 

deff(esu)  =  23  x  lo'®  sin  (20) 

For  KTP  (type  II), 

deff(esu)  =  (d24-dl5)  sin(20)  sin  {2'^) 

+  (dl5  sinV  +  d24  cos^</  )  sinf; 

where  for  KTP  values  of  (dl5,  d24)  =  (6.1, 

7.6)  (pm/V),  1  (pm/V)  =2.4  xlO*^  (esu) 

Note  that  d36(of  KDP)=  0.43  (pm/V)  =  1.04  x 
10*®  (esu). 

Within  the  constant-pump  approximation 
and  for  Gausian  spatial  and  temporal 
profiles  of  the  pump  beam,  the  E.T. (J)  may 
be  expressed  by 

J  =  (2.25  T/gfL  )  x 

[  (L  /2  TC)  ln(P„/P,  )  2oC  L  -t-  ln(2/  )  ]  , 
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where 


La  ==  L,  +  (n-lJL 
Lw  =  1.023  Wp/f  ,  for 
Lj  =  L  erf(0.886  L  /Lyv) 

T  =  pulse  duration 

R  =  reflectance  of  the  outcoupling  mirror. 

Where  L,L,  and  are  the  crystal 
physical  length,  cavity  length  and  optical 
cavity  length,  respectively  (with  crystal 
refractive  index  n)  .  Ln,  and  L?  are  the 
walk-off  length  and  the  effective  gain 
length . 

The  beam  overlap  function  f  =['■*',' 

and  the  gain  function,  the  phase- 

matched  case  in  eg.  (2) ,  is  given  by 

g  =  297.25  deff  /  (n^.  n^  n;  )  [cm"  /MW] 

for  units  of  deff  in  (pm/V) ,  pump 
intensity  in  (MW/cm^)  and  wavelength  in 
microns . 

Based  upon  the  above  discussion  the 
important  issues  for  the  system  design  are 
addressed  as  follows: 

1)  E.T.  may  be  reduced  by  shorter  cavity 
(or  optical)  length, 

2)  Longer  crystal  length  (L) ,  within  the 

limit  of  L  walk-  off  length  (Lw  ) , 
achieves  smaller  E.T.  which  is 

insensitive  to  L  ,  when  Lw  is  much  longer 
than  L  . 

3)  Higher  coupler  reflectance  (60-80  %)  may 
reduce  the  E.T. 

4)  Larger  pump  beam  spot  size  shall  reduce 

the  walk-off  effects  and  thus  reduce  the 
E.T.  For  crystals  with  low  damage 

threshold  longer  confocal  parameter,  i.e., 
loose  focusing  ,  should  be 

considered. 


5)  Possible  direct  coating  on  the  OPO/OPA 
crystals  will  be  considered  for  the 
purpose  of  low  loss  and  system 
compactness.  For  high  efficiency  crystals 
OPO  cavity  length  in  the  order  of  one 
cm  may  be  achieved. 

To  optimize  the  output  OPO  efficiency, 
we  propose  the  following  issues: 

1)  Far  field  should  be  used  for  better  beam 
quality  and  to  avoid  the  possible  "hot 
spot"  of  the  pump  beam. 

2)  Better  beam  coupling  for  higher  SHG 

conversion  efficiency  may  be  achieved  by 
using  cylindrical  focal  lens,  where  the 
pump  beam  is  focused  preferentially  in  the 
"insensitive"  direction  of  the  crystal. 
In  the  case  of  type  I  BBO  crystal,  this 
insensitive  direction  is  in  the 

ordinary-ray  direction. 


3)  High  damage  coating  mirror  should  be 
used  for  the  OPO  cavity,  where  the  pump 
beam  must  be  focused  above  thre  should 
power  density  in  the  order  of  200-300  MW/cm^ 

4)  The  beam  quality  of  the  pump  beam  is 
critical  for  OPO  efficiency. 
Therefore  in  the  two-stage  OPO  processes, 
the  output  from  the  first-stage  OPO  (1.8- 
2 . 5  jum)  which  reserves  the  good  beam 
quality  and  provides  the  good  pumping 
efficiency  in  the  second-stage  OPO  with 
output  spectral  ranges  of  2.5-5  urn. 


Tunable  sources  generated  from  OPO  in  BBO 
and  KTP  crystal  Cs.ic.is.^c]  ' 

Tunable  solid-scate  lasers  in  the  mid- 
IR  spectral  range  ( 1 . 8-5micron)  may  be 
generated  from  the  direct  output  of  ,  for 
example,  colour-center  lasers  (0.65-4 
micron),  Co:MgF2  laser  (1.5-2. 3  micron), 
Ho-doped  laser  (about  2  micron)  and 
Er: doped  laser (about  3  microns) . 
The  phase  matching  curves  at  various 
pumping  wavelengths  (0.532-1.8  microns)  are 
calculated  and  the  associate  effective 
monlinear  coefficients  are  SHOWN  IN  fIGS. 
9-11.  toir  BBO  crystal,  it  is  known  that 
type  I  has  alarger  walk-off  angle  and  is 
less  efficient  that  type  II.  As  shown  in 
Fig.  9,  we  have  defined  the  polarization 
directions  for  the  pump,  signal  and  idler 
waves  (in  order)  as  follows: 

Type  I  :  [e,o,o] 

Type  IIA:  [e,e,o] 

IIB:  [e,o,e] . 

For  KTP  we  have  defined: 

Type  I  :  [e2,el,el] 

Type  IIA:  [e2,e2,el] 

IIB:  [e2,el,e2], 

where  el  and  e2  represent  the  slow (large 
index)  and  fast (small  index)  directions  of 
the  polarized  waves,  noting  that  n,<  ny<  n^ 
for  KTP  crystal. 

As  shown  in  Fig. 10,  a  type  II  KTP 
crystal  is  pumped  by  a  Nd:YAG  laser.  Two 
configurations  are  defined  by  the 
polarization  directions  of  the  pump,  signal 
and  the  idler  beam  with  wavelengths  of 
respectively.  The  polarization  of 
(a,,  aj  ,  Aj  )  are  in  the  axis  of  (x,z,x),  in 
order,  for  A  and  (z,x,x,)  for  B.  We  note 
that  B  has  a  wider  tuning  ranges  than  that 
of  A,  however  the  effective  d-coef f icient 
(deff)  of  B  is  smaller.  Within  the  mid-IR 
turing  ranges,  the  values  of  deff  of  KTP 
varing  from  5.5  to  7.5  (pm/V)  which  are  2.4 
to  17.4  time  of  the  d  of  KDP  crystal, 
therefore  the  OPO  gain  of  KTP  at  the 
degenerate  point  will  be  about  36  times  of 
that  of  KDP 
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Fig.  13  Noncritical  phase  matching  of  type 
II  KTP  pumped  by  various  wavelengths  for 
the  polarization  directions  [c,a,c]. 

As  shown  in  Fig. 11, higher  deff  values, 
6-8(pm/V),  may  be  achieved  when  a  1.32 
micron  laser  is  used  as  the  OPO  pump 
source.  Tuning  ranges  near  the  degenerate 
point  of  2.4  -2.8  microns  may  be 
efficiently  obtained  with  deff  values  of 
about  50  times  that  of  KDP. 

Fig. 12  Shows  the  OPO  curve  for  a  type 
I  KTP,  where  the  type  II  KTP  can  not  be 
efficiently  phase-matched.  The  deff  values 
in  this  case,  at  the  degenerate  point,  is 
about  0.6  (pm/V)  which  is  rather  low 
compared  with  that  of  type  II  KTP  pumped  by 
1.064  and  1.32  microns  lasers. 

The  noncritical  phase  matching  (NPM) 
using  KTP  (type  II)  is  shown  in  Fig. 13. 
Mid-IR  tuning  range  from  the  signal  or  the 
idler  beam  may  be  achieved  by  various 
pumping  wavelengths.  The  polarization 
directions  of  the  pump,  signal  and  idler 
beam  are  in  the  C,  A  and  A  axis, 
respectively.  The  important  features  of  the 
NPM  operation  include: (1)  Very  wide 
angular,  spectial  and  temperature 
acceptance  width  may  be  achieved  in 
comparison  with  that  of  the  critical 
matching  case.  (2)  Rapid-tuning  (beam 
steering)  may  be  achieved  via  the  tunable 
pumping  sources  (such  as  Ti:sapphere  or 
diode-lasers) ,  in  which  angle-tuning  is  not 
required.  (3)  Very  high  OPO  gain  may  be 
achieved  in  this  NPM  operation. 

The  alternative  of  the  generation  of 
mid-IR  tunable  lasers  is  to  use  the 
difference  frequency  generation(DFG) ,  where 
a  laser  in  visible  spectral  regime  is 
usually  required.  For  example,  tuning 
ranges  of  1  -  2.9  microns  may  be  achieved 
by  DFG  of  a  doubled-YAG — pumped  Ti; sapphire 
laser (0.65-1.1  microns)  and  the  pump  itself 
(532  nm) . 


Fig,  15  OPO  phase-matching  angles  for  type  I  BBO 

CRYSTAL  AT  VARIOUS  PUMPS  Ap. 
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V.  NONCRITICAL  PHASE  MATCHING (NPM) 

CRYSTALS 

The  advantages  of  frequency  conversion 
using  the  NPM  condition  include: (1)  high 
effective  d-coeof f icient,  (2)  largest 
acceptance  widths  of  angle,  temperature  and 
spepctrum  and  (3)  small  walk-off. 
Therefore  crystals  achieving  NPM  conditions 
by  temperature-tuning  or  other  means 
promise  the  efficient  conversion  of  low- 
power  lasers  such  as  diode  lasers  and 
diode-pumped  lasers.  Crystals  of  KTP, 
potassium  niobate(KN)  and  Mgo-doped 
lithium-niobate(LN)  have  been  identified  as 
the  best  candidates  for  frequency 
conversion  of  diode-pumped  lasers. 

SHG  of  diode-pumped  Nd:YAG  using  MgO- 
doped  LN  crystals  operated  at  high 
temperature ( 107-degree  C)  was  reported. [1] 
KN  crystal  of  A-cut  (for  SHG  of  diode- 
lasers  830-860  nm)  and  of  B-cut  (for  SHG  of 
1064  nm)  have  also  been  reported,  [1], 
where  temperature-tuned  NPM  conditions  are 
achievable. 

As  shown  in  Fig.  16,  we  have 
calculate  the  NPM  conditions  for  SFM  as 
various  polarization  configurations.  The 
conf. (A)  and  (B)  represent  the  polarization 
directions  of  the  three  linearly  polarized 
waves  in  the  (bc-b)  and  (ac-a)  axis, 
respectively.  Special  case  of  these 
curves,  namely  SFM  of  809  nm  (diode-pumping 
wavelength  or  the  absorption  peak  of 
Nd:YAG)  and  1064  nm  (lasing  wavelength) 
with  an  output  of  459  nm  has  been  reported 
recently. [21] 


Fig.  16  Noncritical  phase  matching  using  type 

II  KTP  for  two  polarization  configurations 
A:[b,c,b]  and  B:[a,c,a].  (see  text). 
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Abstract 


Forced  mode  locking  of  lasers  by  means  of  Intracavity  phase  and  loss  modulation  has  been  studied 
extensively  over  the  years.  In  addition  lasers  have  been  mode-locked  by  modulating  the  gain,  such  as  in  the 
case  of  the  synchronously  pumped  dye  laser  or  the  current  modulated  diode  laser.  In  all  of  these  cases,  from 
the  coupled-mode  point  of  view,  the  modulation  couples  eac^  mode  to  the  adjacent  modes  above  and  below  it  in 
frequency.  A  single  sideband  modulator  can  be  constructed  which,  in  essence,  shifts  the  frequency  of  the 
optical  signal  that  passes  through  it.  In  the  coupled  mode  point  of  view  a  mode  could  be  coupled  only  to  the 
adjacent  mode  whose  optical  frequency  is  above  (or  below)  it  by  the  c/2L  frequency.  This  paper  reports  the 
results  of  a  non-linear  coupled-mode  analysis  of^a  single  sideband  Intracavity  modulated  laser,  using 
techniques  similar  to  that  of  McDuff  and  Harris.  The  analysis  includes  the  effects  of  laser  medium 
saturation  and  mode  pulling  and  determines  the  operating  characteristics  of  the  laser.  The  paper  also 
presents  a  technique  whereby  a  loss  modulator  and  phase  modulator  can  be  combined  appropriately  to  produce 
slngle-sldeband-type  mode  coupling. 


Introduction 


Forced  mode  locking  of  lasers  to  produce  short  output  pulses  has  been  accomplished  by  either  the  use  of 
Intracavity  phase  or  loss  modulation  and  has  been  studied  extensively  both  theoretically  and  experimentally 
over  the  years.  From  the  coupled  mode  point  of  view,  each  laser  axial  mode  is  coupled  to  the  adjacent  modes 
which  are  above  and  below  it  by  the  c/2L  mode  spacing  frequency  (assuming  modulation  at  v  =  2ir(c/2L)).  By 

the  use  of  a  single  sideband  modulator,  however,  which  in  essences  shifts  the  frequency  o?  the  optical  signal 

that  passes  through  it,  one  would  expect  that  mode  coupling  could  be  obtained  in  which  an  axial  mode  is 

coupled  only  to  the  adjacent  mode  whose  optical  frequency  is  above  (or  below)  it  by  the  c/2L  frequency.  The 

purpose  of  the  theoretical  study  reported  here  was  to  determine  if  laser  mode-locked  pulsing  would  be 
produced  by  the  Insertion  of  an  intracavity  single  sideband  modulator  driven  at  the  c/2L  frequency  and  to 
study  the  characteristics  of  the  operation.  Mode-locked  pulsing  was  shown  to  occur.  In  addition,  the  work 
showed  that  a  particular  combination  of  Intracavlty  phase  and  loss  modulators  also  could  be  used  to  produce 
single  sideband  type  mode  coupling.  Single  sideband  coupled-mode  equations  analogous  to  the  regular  "double 
sideband"  equations  of  McDuff  and  Harris  were  obtained  and  solved  by  numerical  integration. 


Combination  of  Phase  and  Loss  Modulators 


Although  in  jh^  course  of  the  work  a  rotatlng-wave-plate  single  sideband  modulator  of  the  type  described 
by  Buhrer,  et  al,  ’  was  considered  first,  it  is  easier  to  present  the  theory  by  considering  first  the  phase 
and  loss  modulator  combination  discovered  later  in  the  work. 

2  4 

In  the  papers  by  McDuff  and  Harris  on  loss  modulation  and  by  Harris  and  McDuff  on  phase  modulation  they 
assumed  respectively  a  loss  modulator  having  loss  per  pass 

a(t)  =  a  (1  +  cos  V  t)  (1) 

m  m 

and  a  phase  modulator  having  a  single  pass  phase  retardation 

®(t)  =  6  cos  V  t  .  (2) 

n  m 

The  electric  field  in  the  cavity  was  then  expanded  as  a  sum  of  the  normal  mode  eigenfunctions, 

E(z,t)  =  B  E  (t)  cos  (u  t  +  it  (t)]  U  (z)  ,  (3) 

n  n  n  n  n 

where  U  (z)  =  sin  (n  +  n)  ttz/L.  The  E  (t)  and  <P  (t)  are  the  slowly  time  varying  amplitude  and  phase  of  the 
nth  mode,  v  is  its  ?requency,  L  is  the'^cavlty  length,  and  n  is  the  number  of  spatial  variations  of  some 
central  mode  whose  frequency  is  chosen  to  be  closest^to  the  center  of  the  atomic  fluorescence  lines.  The 
resulting  coupled  mode  equations  for  loss  modulation  are  shown^by  McDuff  and  Arnous  in  another  paper  in  these 
proceedings.  The  coupled  mode  equations  for  phase  modulation,  assuming  equation  (2)  above,  are  similar  to 
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the  loss  equations  but  have  sine  functions  where  the  loss  equations  h:.ve  cosine  and  cosine  functions  where  the 
loss  equations  have  sine.  If  both  loss  and  phase  modulators  are  present  with  a(t)  and  6(t)  as  given  above, 
the  coupled  mode  equations  include  both  the  couplings  from  a(t)  and  6(t)  to  both  upper  and  lower  adjacent 
modes.  If  however  the  phase  modulator  produces  a  phase  retardation  90°  out  of  phase  with  the  loss  modulator, 

i.e.  , 

6(t)  =  sin  V  t  ,  (4) 

M  m 

and  if  the  modulator  drive  signal  amplitudes  are  chosen  such  that 

then  the  couplings  from  the  (n-l)th  mode  to  the  nth  mode  cancel  (by  reversing  the  ac  phase  of  either  equation 
(1)  or  equation  (4)  the  couplings  from  the  (n+l)th  mode  to  the  nth  mode  can  be  made  to  cancel). 

The  result  is  that  one  obtains  "single  sideband"  mode  coupling  equations  as  follows: 


((f  -  niv  +  i()  )  E  =  - 

n  2L  n  n 


—  [E„^jSin(*_^^j  -  0^)1 


•  cce  ca 

E  +§T-aE-^GE  =  -  E  -  -r^  [E  _,_,cos((i)  )  1 

n  2Lnn2Lnn  L  n  L  n+1  ^n+1  ^n 


“ss  =  “c  “  *c  ' 

“c  =  (9) 

and  the  terms  Av,  a  ,  iji  .  and  G  are  defined  by  McDuff  and  Arnous.^  One  notes  that  in  equations  (6)  and  (7) 
that  only  the  (n+l)?h  mode  Is  coupled  to  the  nth  mode,  as  stated  above. 

Direct  Single  Sideband  Electro-Optic  Modulation 

The  original  plan  was  to  consider  a  direct  single  sideband  modulator  consisting  of  a  birefringent  crystal 
ac^igg  as  a  rotating  wave  plate,  in  combination  with  two  quarter-wave  plates  placed  one  on  either  side  of 
it  ’  inside  the  laser  cavity.  If  one  assumes  an  optical  signal  input  E  e^'^n  to  the  quarterwave  plate — cubic 
electro 'ptic  crystal  combination,  multiplication  of  ^h^  appropriate  Jones  matrices  shows  that  after  a  round 
tr- j  tiirough  the  "modulator"  the  output  is  given  by  ’ 

j (v  +v  ) t  jv  t 

x-component:  -  sln^  r/2  e  ^  cos*  r/2  e  (10) 

y-component;  -  j  E^  sin  r  sin  Hv^t)  e  (11) 

The  first  tern  of  equation  (10)  corresponds  to  an  optical  signal  shifted  by  the  angular  frequency  v  and  equal 
to  sin*  r/2  rimes  the  Input.  The  second  term  in  equation  (10)  corresponds  to  an  optical  signal  at  ?he 
original  angular  frequency  v  and  equal  to  cos*  r/2  times  the  input.  The  orthogonally  polarized  component  in 
equation  (11)  represents  energy  lost  from  the  input  signal. 


Siegman  shows  that  a  modulator  with  a  voltage  transmission  given  by 


-A  (1+cos  V  t) 

/  \  m  ni  • 

t^(t)  =  e  .1 


A  -  A  cos  V  t 
in  m  m 


gives  loss  modulated  mode  coupled  equations  (which  can  be  shown  to  be  similar  to  those  of  McDuff  and  Harris 

if  A  =  a  ).  Furthermore,  Siegman  shows  that  a  phase  modulator  with  transmission  given  by 
ni  c 


i  A  cos  ^}  t 
m  m 


=  1  +  i  A  cos  \)  t 
m  m 


gives  phase  modulated  mode  coupled  equations  (which  can  be  shown  to  be  similar  to  those  of  Harris  and  McDuff 

if  A  *  6  ).  One  can  show  that  if 
m  c 


t^.„(t)  =  e 


■j  A  sin  V  t 
m  m 


5  I  -  j  A  sin  v  t  , 
m  m 


and  if  the  two  modulators  are  placed  in  cascade,  then  an  overall  transmission 

j  V  t 

t  a  I  -  A  -  A  e 
ss  mm 


6)3 


is  obtained,  which  gives  single  sideband  coupled  mode  equations  like  equations  (6)  and  (7). 


Comparing  equation  (15)  to  equation  (10),  it  is  seen  that 

A  =  sln^  r/2  (16) 

m 

1-6  =  cos^  r/2  (17) 

m 

and  thus,  the  single  sideband  coupling  coefficient  for  the  rotating  waveplate  electrooptic  modulator  is  given 
by 


Ugg  =  sln^  r/2  .  (18) 

To  increase  mode  coupling,  the  electrooptically  produced  birefringence  must  be  increased.  At  low  a  .  which 
is  in  fact  the  condition  assumed  in  equations  (12)  -  (17),  one  has  approximately 

a  ^  =  (r/2)2  (19) 


Solution  of  the  Coupled  Mode  Equations 

The  coupled  mode  equations  (6)  and  (7)  for  single  sideband  modulation  were  solved  by  a  Runge-Kutta 
numerical  integration  procedure.  The  method  used  was  the  select  initial  mode  amplitudes  and  phases  and  laser 
parameters  and  then  permit  the  numerical  integration  to  continue  until  a  steady  state  solution  had  been 
reached  (with  the  E  =0  and  the  (j,  =  0  or  all  (ji  equal  to  a  constant  independent  of  n) .  From  the  mode 

amplitudes  and  phases,  the  pulse  intensity  envelope  was  plotted  versus  v  t,  since  the  laser's  pulse 
characteristics  are  the  basic  criteria  by  which  mode-locked  performance  Ts  evaluated.  Both  a  homogeneously 
broadened  laser  and  an  inhomogeneously  laser  were  studied.  A  characteristic  mode-locked-type  output  optical 
pulse  could  be  obtained  with  both  types  of  lasers,  although  the  operating  characteristics  were  different  from 
the  case  of  conventional  "double  sideband"  coupling. 


Results  for  Inhomogeneous  Broadening 

An  argon  laser  was  modeled  as  an  example  of  an  inhomogeneously  broadened  laser.  A  llnewidth  of  5  GHz  was 
assumed  with  an  axial  mode  spacing  c/2L  •  71.6  MHz.  A  fractional  single  pass  cavity  loss  of  10%  was  assumed, 
meaning  a  ^  0.10.  The  unsaturated  line  center  power  gain  was  assumed  to  be  12.8%,  meaning  G  =  0.128  at 
n  =  0  and  zero  optical  signal  level.  Figure  I  shows  the  resulting  mode  distribution  at  two  values  of 
cross-coupling  coefficient.  As  the  cross  coupling  is  increased,  the  mode  spectrum  is  moved  farther  from  line 
center  (n  =  0  mode).  The  number  of  modes  and  mode  amplitudes  decrease  as  the  distribution  is  moved  toward  the 
wings  of  the  gain  curve  where  there  is  less  net  gain.  Figures  2,  3,  and  4  show  the  results  of  these  changes 
in  the  mode  spectrum.  As  the  cross-coupling  a  is  increased  from  zero,  it  first  locks  the  modes  together, 
producing  a  pulse  whose  width  depends  primarily  on  the  number  of  free  running  modes.  As  a  is  increased 
further,  a  butter  pulse  is  produced  due  to  better  mode  phases.  Then,  continuing  to  increase  a  ,  a  worse 
pulse  is  produced  due  to  the  fewer  and  lower  amplitude  modes.  A  continuation  in  the  increase  of  a  will 
eventually  extinguish  the  laser.  The  phase  of  the  pulse  relative  to  the  modulator  drive  signal  changes  with 
a  ,  as  shown  in  Figure  2.  At  higher  values  of  a  ,  the  pulse  phase  shift  approaches  zero,  which  means  that 
tSi  pulse  is  passing  through  the  lo|s  modulator  afrits  minimum  loss  time  which  is  at  v^t  =  tt  (th.'s  is  like  the 
double  sideband  loss  modulator  case  ).  However,  the  pulse  then  is  passing  through  the  phase  modulator  at  the 
time  that  it  has  the  greatest  d6/dt,  giving  the  greatest  doppler  frequency  ghift  of  the  pulse.  This  is  not 
the  situation  that  occurs  with  phase-modulator-produced  or  FM  mode  locking,  because  there  the  pulse  passes 
through  the  phase  modulator  at  one  of  the  peaks  of  6(t),  where  d6/dt  =  0.  Furthermore,  the  shift  of  the  mode 
spectrum  away  from  line  center  causes  the  medium  dispersion  to  change  the  zero  effective  detuning  of  the 
modulator.  This  causes  the  pulse  phase  shift  to  depend  more  strongly  on  modulator  cross  coupling  than  would 
be  the  case  with  double  sideband  mode  coupling.  In  fact,  in  the  simulation  it  is  possible  to  remove  the 
effect  of  dispersion  completely  by  simply  setting  i(i  =  0.  This  was  done  and  the  pulse  phase  shift  remained 
identically  zero  for  all  values  of  0^^- 


Results  for  Homogeneous  Broadening 

A  Nd:YAG  laser  having  a  3  GHz  llnewidth  intracavlty  etalon  was  modeled.  The  assumed  axial  mode  spacing 
of  150  MHz  then  gave  a  ratio  of  mode  spacing  to  llnewidth  of  0.05.  Although  this  etalon  had  a  smaller 
bandwidth  that  what  actually  might  be  used  in  practice,  it  was  difficult  to  obtain  steady  state  computer 
solutions  with  small  values  of  the  llnewldth/mode-spaclng  ratio,  and  therefore  this  value  was  assumed.  A 
fractional  single  pass  cavity  loss  of  10%,  or  a  =0.1,  was  assumed  and  a  line  center  unsaturated  single  pass 
power  gain  of  16%  was  assumed.  Figure  5  shows  ?he  mode  distributions  for  two  values  of  a  .  The  shift  of  the 
mode  spectrum  off  to  the  side  is  noted  as  in  the  case  of  inhomogeneous  broadening.  However,  here  in  the 
Idealized  homoge.  ->08  case,  the  coupling  is  necessary  in  order  to  establish  the  mode  spectrum  (in  the 
idealized  homogeneous  case,  only  one  mode  would  oscillate  when  a  =0).  One  also  notes  the  relative  symmetry 
of  the  mode  spectrum  about  a  center  mode.  For  an  Increase  in  the  discussion  for  the  Inhomogeneous  case 
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still  applies,  with  the  exception  that  here  there  Is  a  larger  range  of  a  that  causes  an  Improvement  before 
the  pulse  performance  deteriorates.  The  results  are  shown  In  Figures  6-1?  Again  the  phase  of  the  pulse 
depends  strongly  upon  the  value  of  a  ,  for  the  same  reason  as  In  the  Inhomogeneous  laser.  A  computer  run  with 
=  0  gave  zero  pulse  shift  regardless  of  the  value  of  cross-coupling  as  It  did  In  the  Inhomogeneous 


Modulator  Detuning 

In  both  types  of  lasers  the  effects  of  detuning  the  modulator  were  studied.  The  Inhomogeneous  laser  was 
less  affected  by  detuning  In  the  negative  direction  while  the  homogeneous  laser  was  less  affected  by  detuning 
In  the  positive  direction  (the  sign  definition  of  Av  used  here  Is  that  of  Harris  &  McDuff,  that  Is,  Av  = 
rc/L  -  u  ).  When  the  mode  spectrum  shifts  to  the  side  of  line  center,  the  slope  of  the  dispersion  curve  about 
the  new  effective  center  of  the  mode  distribution  changes,  hence  changing  the  actual  effective  zero  detuning. 
The  significance  of  the  change  Is  different  for  the  two  types  of  saturation.  Large  detuning  also  causes  the 
pulse  the  deteriorate  In  shape,  similar  to  the  situation  with  double  sideband  mode  locking. 


Conclusions 


Single  sideband  coupling  between  modes  In  a  laser  can  produce  mode-locked  pulsing  but  with 
characteristics  different  from  conventional  double  sideband  phase  or  loss  produced  mode  locking.  The  mode 

spectrum  Is  shifted  off  to  one  side  of  line-center  as  the  mode  locking  occurs.  In  the  homogeneous  case,  the 

spectrum  Is  still  symmetrical  and  Gausslan-llke,  but  In  the  Inhomogeneous  case,  the  spectrum  becomes  very 
asymmetrical.  In  the  homogeneous  case,  an  Increase  In  mode  cross  coupling  can  result  in  improved  performance; 
whereas.  In  the  inhomogeneous  case,  a  small  coupling  Just  large  enough  to  lock  the  modes  Is  preferable.  This 
Is  In  contrast  to  the  double  sideband  mode-locked  ^^ge  where  an  Increase  In  cross  coupling  can  result  In 
improved  performance  for  both  types  of  broadening.  ’  If  the  cross  coupling  is  increased  without  limit,  the 

laser  eventually  is  extinguished  as  In  the  case  of  double  sideband  coupling.  The  single  sideband  mode 

coupling  can  be  achieved^b^  at  least  two  schemes.  A  direct  single  sideband  modulator  using  a  rotating 
electro-optic  wave  plate  ’  can  be  used,  or  an  appropriate  combination  of  loss  modulation  and  phase  modulation 
can  be  used  to  obtain  single  sideband  coupling.  The  studies  reported  apply  to  either  type  of  scheme  used. 


References 


1.  C.  F.  Buhrer,  D.  Baird,  and  E.  M.  Conwell,  Appl.  Phys.  Lett.  1,  46  (1962). 

2.  0.  P.  McDuff  and  S.  E.  Harris,  IEEE  J.  Quant,  Electr.  QE-3,  101  (1967). 

3.  C.  F.  Buhrer,  L.  R.  Bloom,  and  D.  H.  Baird,  Appl.  Optics  2,  839  (1963). 

4.  S.  E.  Harris  and  0.  P.  McDuff,  IEEE  J.  Quant.  Electr.  QE-1,  245  (1965). 

5.  Odls  P,  McDuff  and  Amjad  Arnous,  A  Study  of  Transients  and  Stability  in  Mode-Locked  Lasers  by  Means  of  a 
Non-Linear  Coupled-Mode  Analysis,  presented  at  the  International  Conference  on  Lasers  '87,  Lake  Tahoe 
(1987),  In  these  proceedings. 

6.  0.  P.  McDuff,  Mode  Coupling  in  Lasers,  Ph.D.  Dissertation,  Stanford  University  (1966). 

7.  Bader  Badreddlne,  A  Theoretical  Study  of  Single  Sideband  Mode  Locking  of  Lasers,  M.S.  Thesis,  The 
University  of  Alabama  (1988). 

8.  A.  E.  Slegman,  Lasers  (University  Science  Books,  California,  1986),  Chapter  27. 


615 


Figure  1. 


Mode  distribution  in  a  simulated  argon  laser  with  single  sideband  mode  locking. 
Detuning  Av  =  0  and  modulator  cross  coupling:  *  =  0.015;  ®  =  0.027. 


Figure  2. 


Phase  shift  of  mode-locked  pulse  in  a  simulated  argon  laser  vs.  modulator 
cross  coupling  a  .  Detuning  Au  =  0. 


MODUUTOR  CROSS  COUPUNG  (X  lOE-3) 


Figure  3 


Figure  4. 


Width  of  mode-locked  pulse  In  a  simulated  argon  laser  vs.  modulator  cross 
coupling  “gg*  Detuning  6u  =  0. 


Peak  Intensity  of  mode  locked  pulse  In  a  simulated  argon  laser  vs,  modulate 
cross  coupling  a  .  Detuning  Av  =  0. 
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Figure  5. 


Figure  6 


Mode  distribution  In  a  simulated  Nd:YAG  laser  having  a  3  GHz  Intracavlty,  etalon 
Detuning  Av  =  0  and  modulator  cross  coupling:  *  =  0.015;  ®  =  0.006. 


MODULATOR  CRO.SS  COUPUNG  (X  lOE-3) 


Phase  shift  of  mode-locked  pulse  In  a  simulated  Nd:YAG  laser  having  a  3  GHz 
intracavlty  etalon  vs.  modulator  cross  coupling  a  .  Detuning  Av  =  0. 


MODULATOR  CROSS  COUPLING  (X  IOE-3) 

Figure  7.  Width  of  mode-locked  pulse  in  a  simulated  NdrYAG  laser  having  a  3  GHz 
intracavity  etalon  vs.  modulator  cross  coupling  cigg-  Detuning  Av  =  0. 


MODULATOR  CROSS  COUPUNG  (X  lOE-3) 

Figure  8.  Peak  intensity  of  mode-locked  pulse  in  a  simulated  Nd:YAG  laser  having  a  3  GHz 
Intracavity  etalon  vs.  modulator  cross  coupling  a  .  Detuning  Av  =  0. 
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Abstract 


Forced  mode  locking  of  lasers  can  be  accomplished  by  modulating  the  laser  medium  gain.  In  the  case  of 
synchronously  pumped  mode-locked  dye  lasers  this  is  accomplished  by  pumping  with  the  optical  coutput  of 
another  mode-locked  laser;  whereas,  in  the  case  of  the  mode-locked  diode  laser,  the  pumping  is  accomplished  by 
varying  the  diode  current  at  the  mode-locking  repetition  rate.  In  the  dye  laser  the  pump  intensity  is  a 
repetition  of  short  pulses  rich  in  harmonies  of  the  c/2L  frequency;  however,  in  the  diode  laser  the  pump 
intensity  may  vary  sinusoidally  at  the  c/2L  frequency.  This  paper  presents  the  results  of  a  non-linear  ^ 
coupled-mode  analysis  of  gain-modulated  mode-locked  lasers  which  is  similar  to  that  of  McDuff  and  Harris  for 
loss-modulated  mode-locked  lasers.  The  analysis  includes  the  effects  of  laser  medium  saturation  and  the 
effects  of  the  characteristics  of  the  pumping  signal,  all  from  the  coupled  mode  point  of  view.  It  is  shown 
that,  due  to  saturation,  a  characteristic  mode  coupling  occurs,  irregardless  of  pump  level,  such  that 
integrated  gain  and  loss  over  the  oscillating  spectrum  are  balanced,  and  that  the  pulse  width  therefore 
depends  upon  the  cavity  loss.  The  effects  of  the  pump  pulse  width  are  considered  by  including  mode  coupling 
terms  at  multiples  of  the  c/2L  frequency. 


Introduction 


The  production  of  mode-locked  lasers  by  modulating  the  laser  gain  has  received  much  attention.  The 
synchronously  pumped  mode  locked  dye  laser  provides  a  source  which  can  be  used  to  produce  the  shortest  optical 
pulses  obtainable.  The  current-modulated  diode  laser  is  a  possible  source  of  an  optical  pulse  train  for  use 
in  communications. 

The  chajacjerlstlcs  of  the  synchronously  pumped  mode  locked  dye  laser  have  been  studied  by  a  number  of 
researchers,  both  experimentally  and  theoretically.*  The  effectiveness  of  certain  techniques  of 
measurement  of  the  dye  laser^^utput  pulses  e.g.,  the  two-photon  fluorescence  method  of  obtaining  the  pulse 
width,  have  been  questioned.  To  some  extent  the  theoretical  studies  overcome  the  practical  limitations  of 
experimental  measurements,  thereby  permitting  a  more  thorough  analysis  of  a  laser  system.  The  conclusions 
that  h^ge  been  reached  in  theoretical  studies,  however,  are  not  entirely  consistent  from  one  study  to  the 
other.  The  authors  of  this  paper  perceived  that  the  status  of  research  in  synchronously  pumped  mode-locked 
dye  lasers  could  be  improved  by  further  theoretical  investigations  using  a  model  which  promised  to  give  an 
extensive  analysis  of  the  performance  under  different  operating  conditions.  The  technique  used  w^Sj^n 
extension  of  the  coupled  mode  analysis  procedure  that  was  developed  and  used  by  McDuff  and  Harris  '  for  the 
study  of  loss-modulator  and  phase-modulator  produced  mode  locking. 


The  Coupled  Mode  Model 

The  optical  pulse  from  the  mode-locked  pump  laser  used  in  synchronous  mode  locking  or  the  modulated  drive 
current  of  a  mode-locked  diode  laser  can  be  considered  as  a  pump  which  modulates  simultaneously  both  the  gain 
and  the  dispersion  of  the  laser  being  mode  locked.  The  modulation  of  dis^^rsion,  which  in  effect  is  the 
modulation  of  phase,  is  similar  to  the  case  treated  by  ^arris  and  McDuff.  The  modulation  of  gain  is  similar 
-o  the  modulation  of  loss  treated  by  McDuff  and  Harris,  the  basic  difference  between  gain  and  loss  being  the 
sign  of  the  parameter.  Thus  the  combination  of  loss  (or  gain)  modulation  and  phase  modulation  with  the 
appropriate  modifications  yields  the  model  for  the  pump-modulated  laser.  The  case  of  sinusoidal 
modulation  can  be  extended  to  the  case  where  the  modulation  is  performed  by  a  gausslan  pump  pulse  by  treating 
the  gausslan  pulse  as  a  combination  of  several  sinusoidal  harmonic  components,  the  frequency  of  the 
fundamental  being  equal  to  the  frequency  spacing  of  the  axial  modes  of  the  laser  cavity. 


*  This  is  not  meant  to  be  an  exhaustive  list. 
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The  Basic  Coupled-Mode  Equations 

The  derivation  of  the  required  nonlinear  ^i^^erential  equations  follows  closely  the  approach  developed 
for  loss  modulated  and  phase  modulated  lasers.  ’  The  total  cavity  electric  field  is  assumed  to  be  made  up 
of  a  number  of  axial  modes  as  given  by 

E(z,t)  =  T  E  (t)  cos[u  t  +  <i>„(t)]  U  (z)  ,  (1) 

n  n  n  n  n 

where  E(z,t)  is  the  total  cavity  electric  field,  E  (t)  and  (f  (t)  are  the  slowly  time  varying  amplitude  and 
phase  of  the  nth  mode,  v  is  the  radian  frequency  of  the  nth  mode,  and  U  (z)  gives  the  spatial  variation  of 
the  nth  mode,  given  by 

U  (z)  =  sln(n  +  n)  xz/L  (2) 

n  o 

where  L  is  the  length  of  the  cavity  and  n  is  the  number  of  spatial  variations  of  some  central  mode  which  has 
been  chosen  to  be  the  mode  whose  frequency  is  closest  to  the  center  of  the  stomic  fluorescence  lines.  The 
modulating  drive  signal  affects  the  driving  polarization  of  the  nth  mode.  Here  it  varys  the  susceptibility  of 
the  atomic  medium  whereas  in  loss  and  phase  modulation  it  affects  the  susceptibility  of  the  modulator.  The 
effects  of  the  pump  modulation  can  be  Included  by  assuming  that  the  optical  susceptibility  is  a  time  varying 
quantity. 

Sinusoidal  Pump  Modulation 

First,  consider  sinusoidal  modulation  of  the  pump.  Then  we  assume  that  the  atomic  susceptibility  is 

X{z,t)  =  X(z)(l  +  cos  V  t)  =  [x’(2)  -  jX"(z)](l  +  cos  v  t)  .  (3) 

m  m 

Thus  the  atomic  medium  gain  will  depend  upon  the  time-varying  quantity 

X"(z,t)  =  X"(z)  (I  +  cos  V  t)  (4) 

ni 

and  the  medium  phase  shift  will  depend  upon 

X'(z,t)  =  X'(z)  cos  V  t  ,  (5) 

m 

where  the  constant  part  of  the  x'(z,t)  his  been  neglected  since  it  only  affects  the  mode  spacing  and  the  value 
of  "zero-detuning"  of  the  modulator. 

In  order  for  the  time  variation  of  x'  and  x"  to  have  a  mode-coupling  effect,  the  laser  gain  region  has 
to  extend  overjO^^y  a  small  fraction  of  the  cavity  length,  preferably  near  one  end,  as  required  of  a  phase  or 
loss  modulator  ’  when  they  are  used  to  produce  mode  locking. 

1 8 

The  polarization  driving  the  nth  mode,  resulting  from  the  time  variation  of  X",  Is  given  by 
ct 

- - Ur  sin[v  t  + 

n  vL  a  n  r»  n  n 


-  -TTo  [g  E  cos(<ti  if  )  +  g  ,  E  ,  cos(if 
vl.B  c,  n+1  n+1  n+1  n  '^n-1  n-1  n 


f  )  ]  sln(v  t  +  f  ) 
n-1  n  n 


-  ^  sin(f^^j-  <f^) 


g  ,  E  sin  (if 
"n-1  n-1  n 


f  ,)  ]  cos(v  t  +  if  ) 
n-1  n  n 


whereas  the  polarization  driving  the  nth  mode,  resulting  from  the  time  variation  of  x',  is  given  by 


P^(t)  =  - 


vlB  *^c  ,  ^ '^n+ 1  ^n+ 1 


sin(<f  if  )  -  d  ,  E  ,  sin(if  -  <t>  ,)]  sin(v  t  +  f  )  , 

n+1  n  n-1  n-1  n  n-l  n  n 


K  [d  E  cos(if  <f  )  +  d  ,  E  cos(if 
ULB  Cj  n+1  n+I  n+1  n  n-1  n-1  r 


f  , )  1  cos(v  t  +  if  ) 
n-1  n  n 


The  total  polarization  driving  the  nth  mode  will  be  the  sum  of  the  terms  in  equations  (6)  and  (7)  and  thus 
will  Include  loss-modulator  type  and  phase-modulator  type  coupling  terms. 

In  equations  (6)  and  (7),  g  is  the  unsaturated  gain  coefficient  of  the  nth  mode  (which  varies  with  mode 

number  n  according  to  the  line  sRape  function),  the  constants  K  and  K  express  the  relative  strengths  of  the 

a  c  j 

dc  and  fundamental  components  of  the  time  varying  pump,  d  expresses  the  medium  dispersive  effect  upon  the  nth 
mode  and  comes  from  the  line  shape  of  the  atomic  dispersion  curve,  and  6  is  a  saturation  term  (the  saturating 
gain  is  g  /6).  Homogeneous  saturation  is  assumed  and  therefore  B  is  not  a  function  of  n  and  carries  no 
subscript.  The  value  of  the  saturation  term  6  Is  given  by 

6  =  1  +  C  I  Av  Z  g  (V  )  ,  (8) 

^  L,  n  Ti  Li  Ti 
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which  comes  from  the  work  of  McDuJJ,  Scott,  and  Taboada  who  extended  the  time  domain  saturation  parameter 
developed  by  Kuizenga  and  Siegman  to  the  frequency  domain.  In  equation  (8)  C  is  simply  a  saturation  parameter 
whose  value  is  selected  in  the  simulation  set  a  convenient  scale  for  the  optical  field  amplitude.  8^^'^  ) 
the  regular  Lorentzian  line  shape  function  and  Au^^  is  the  Lorentzlan  linewidth.  22Wh®t>  the  polarization  g?ven 
by  equations  (6)  and  (7)  is  Incorporated  into  the  Lamb  self  consistency  equations  for  the  cavity,  the 
mode-coupled  differential  equations  result. 

Non-Sinusoidal  Pump  Modulation 


If  the  pumping  time  dependence  is  non  sinusoidal,  then  the  time  dependence  of  x(z»t)  will  Include  higher 
harmonics.  This  means  that  there  will  be  non-zero  values  *^c3’  *^cA’  these  higher  harmonics, 

where  in  effect  the  K  are  the  relative  amplitudes  of  the  spectral  components  of  the  pump  envelope 
‘^i 

(synchronously  pumped  dye  laser)  or  current  waveshape  (diode  laser)  .  Rather  than  write  out  the  yglarlzation 
in  the  general  case  here,  the  complete  coupled  mode  equations  are  presented  for  the  general  case 


('  -  nAv)  E  =  E  K  Ig  ,,  E  sln((|i  ..  -  <ti)-g  .E  sin(i(i  -  (()  ) 

n  n  2LB  c^  “n+l  n+i  ^n+1  ^n  ®n-i  n-1  ^n-1 


-  d  E  cos(iJi  ..  -  <|))-<1  ,E  cos(i)i  -  *  .)] 

n+i  n+i  ^n+i  ^n  n-1  n-1  ^n  ^n-1 


(9) 
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*  )  +  g  .  E  .  cos(iii  -  ((i  ,) 

*^n  "n-i  n-1  ^n  n-i 


+  d  E  sln((ti 
n+1  n+i  '^n+l 


d  E  .  sin  ((ji  -  ij)  . )  ] 
n-i  n-i  ’^n  ^n-i 


(10) 


Equations  (9)  and  (10)  are  very  similar  t02^he  equations  obtained  when  there  is  a  combination  of  loss  and 
phase  modulation  in  the  same  laser  cavity.  The  difference  here  is  that  each  mode  is  coupled  not  only  to 
adjacent  modes  but  also  simultaneously  coupled  directly  to  modes  located  multiples  of  c/2L  away  in  frequency. 
When  the  number  of  harmonics  present  in  the  pump  is  m,  the  nth  mode  is  coupled  individually  to  2m  of  the  modes 
of  the  cavity,  m  modes  lower  in  frequency  and  m  modes  higher  in  frequency. 

The  detuning  term  in  equations  (9),  denoted  by  Av,  is  defined  as^^ 


Av  =  ttc/L  -  u  (11) 

m 

and  gives  the  mismatch  between  the  axial  mode  spacing  frequency  and  the  repetition  rate  of  the  pump  (frequency 
of  the  fundamental  component  of  the  time  varying  pump).  Equation  (11)  may  be  compared  with  some  of  the  time 
domain  definitions  found  in  the  literature.  For  example,  if  6t  is  defined  as  the  mismatch  between  the  cavity 
transit  time  of  the  mode-locked  laser  pulse  t^  and  the  period  of  the  pump  t  as  given  by 


=  td  -  t  , 

(12) 

then  in  terms  of  Av  defined  above,  E 

6t  =  -  . 

V  irc/L 

(13) 

m 


Thus,  negative  detuning  in  the  above  coupled  mode  terminology  corresponds  to  the  case  when  the  mode-locked 
laser  pulse  cavity  transit  time  is  longer  than  the  pump  period. 


Solution  of  the  Coupled-Mode  Equations 

The  coupled-mode  differential  equations  were  solved  numerically  using  a  Runge-Kutta  numerical  integration 
procedure.  The  technique  was  to  assume  initial  values  of  the  mode  amplitudes  and  phases  and  the  laser 
parameters  and  continue  the  integration  until  steady  state  was  reached  (all  E  =0  and  j)  =^0  or  equal  to  a 
constant  Independent  of  n) .  The  computer  program  u|^d  was  a  modification  of  ?hat  of  Sco?t'^  which  was 
developed  from  the  early  work  of  Harris  and  McDuff.  Due  to  the  presence  of  a  large  number  of  modes  and  the 

multiple  couplings  between  modes,  caused  by  the  pulse  nature  of  the  pump,  the  solution  of  the  equations  can 
require  a  lot  of  computer  time.  The  availability  of  a  Cray  X-MP/24  super  computer  made  it  possible  to  do  this 
work. 


Much  of  the  initial  work  was  done  for  the  case  of  sinusoidal  variation  of  the  pump  level.  A  computer  run 
requires  considerably  less  time  with  only  the  pump  fundamental  spectral  component  present,  since  then  coupling 
is  only  to  adjacent  modes.  The  results  were  used  to  guide  the  pulsed-pump  work  and  in  fact  predicted  well  many 
of  the  trends  noted  in  the  pulsed-pump  case.  In  addition,  the  sinusoidal  pump  variation  study  would  apply 
directly  to  the  current  modulated  mode-locked  diode  laser. 
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Results 


In  doing  the  numerical  studies,  typical  parameters  were  used  rather  than  attempting  to  model  any  specific 
laser.  A  very  Important  parameter  in  the  synchronously  pumped  mode-locked  dye  laser  Is  the  mismatch  between 
the  pump  cavity  length  and  the  dye  laser  cavity  length.  Here  this  is  expressed  by  the  detuning  parameter  Av. 
Figures  1-3  show  the  effects  of  the  detuning  upon  the  laser  output  pulse.  The  ranges  encompassed  by  the 
curves  is  that  over  which  It  was  possible  to  obtain  steady-state  solutions.  The  phase  shift  Is  relative  to 
the  point  at  which  the  pump  peak  occurs.  It  can  be  noted  that  there  is  a  definite  assymmetry  about  zero 
detuning,  with  essentially  only  positive  detunings  (this  corresponds  to  the  mode-locked  laser  pulse  transit 
time  being  shorter  than  that  of  the  pump  period,  l.e.  t  >  t^)  giving  steady  state  results.  A  change  In  the 
pump  peak  Intensity  had  little  effect  on  the  width  or  pRase  shift  of  the  output  pulse.  This  Is  because, 
regardless  of  the  pump  level,  the  coupling  terms  saturate  down  to  the  point  where  overall  gain  equals  overall 
loss,  giving  coupling  dependent  on  loss.  As  shown  in  Figure  4,  however,  the  mode-locked  pulse  peak  intensity 
increased  linearly  with  the  pump  pulse  peak  Intensity.  A  similar  behavior  wqs  noticed  by  Shank  and  his 
co-workers  during  an  experimental  study  of  an  intra-cavity  pumped  dye  laser. ^  The  mode-locked  laser 
extinguished  when  the  pump  peak  intensity  was  reduced  to  1.17  (arbitrary  units).  An  improvement  in  the 
mode-locked  pulse  is  expected  as  the  pump  pulse  width  is  made  shorter  and  Figures  5  and  6  show  behavior  of 
this  nature.  The  importance  of  the  cavity  loss  to  the  coupling  mechanism,  since  the  gain  and  hence  the 
coupling  terms  saturate  according  to  the  amount  of  loss,  was  explored.  Figures  7  and  8  show  the  effects  of 
loss  on  pulse  width  and  peak  intensity  for  the  sinusoidal  modulation  case.  The  pulse  width  decreases  at 
larger  cavity  loss  because  then  larger  coupling  terms  are  present  (to  make  gain  equal  to  loss).  As  the  loss 
increases,  of  course,  the  pulse  amplitude  decreases  as  shown  in  Figure  8. 


Conclusions 


The  coupled-mode  approach  to  the  analysis  of  gain-modulated  lasers  successfully  describes  many  of  the 
experimentally  observed  resuljg.  One  result  is  the  observation  of  stable  and  unstable  regions  as  the  detuning 
is  varied.  Catherall  and  New  attributed  this  phenomenon  to  the  presence  of  spontaneous  emission  noise  in 
the  case  of  the  synchronously  pumped  mode-locked  dye  laser.  The  coupled-mode  model  does  not  include  the 
effect  of  spontaneous  emlsain,  b"t  vet  produces  the  same  result.  The  conclusion  must  be  that  the 
instabilities  are  due  to  the  inherent  non-linear  coupled-mode  dynamics  of  the  dye  laser.  The  model  could  be 
used  to  simulate  a  specific  laser  system.  This  could  be  either  a  synchronously  pumped  mode-locked  laser  or  a 
current-modulated  diode  laser. 
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Figure  1 


Figure  2. 


DETUNING/MODE  SPACING  (X  lOE-4) 

Phase  shift  of  mode-locked  pulse  vs.  detuning  Av.  Cavity  loss  =  35%  per  pass.  Peak 
unsaturated  gain  coefficient  5  times  the  loss.  Gaussian  pump  pulse  with  FWHM  =  875  psec. 


detuning/mode  spacing  (X  lOE-4) 

Width  of  mode-locked  pulse  vs.  detuning  Av.  Cavity  loss  =  35%  per  pass.  Peak  unsaturated 
gain  coefficient  5  times  the  loss.  Gaussian  pump  pulse  with  FWHM  =  875  psec. 
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DETUNING/MODE  SPACING  (X  IOE-4) 

Figure  3.  Peak  Intensity  of  mode-locked  pulse  vs.  detuning  Av.  Cavity  loss  =  35%  per  pass.  Peak 
unsaturated  gain  coefficient  5  times  the  loss.  Gaussian  pump  pulse  with  FWHM  =  875  psec 
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REUTIVE  PUMP  INTENSITY 

Figure  4.  Peak  Intensity  of  mode-locked  pulse  vs.  pump  peak  intensity.  Detuning  Au  =  0. 
Cavity  loss  =  35%  per  pass.  Gaussian  pump  pulse  with  FWHM  =  875  psec. 


Figure  5. 


Peak  Intensity  of  mode-locked  pulse  vs.  pump  pulse  width.  Detuning  iv  =  0. 

Cavity  loss  »  35%  per  pass.  Peak  unsaturated  gain  coefficient  2.5  times  the  loss. 


PUMP  PULSE  WIDTH  (X  10E2  PSEC) 

Width  of  mode-locked  pulse  vs.  width  of  pump  pulse.  Detuning  Au  =  0.  Cavity 
loss  =  35%  per  pass.  Peak  unsaturated  gain  coefficient  2.5  times  the  loss. 


Figure  6. 


Figure  7.  Width  of  mode-locked  pulse  vs.  cavity  loss.  Peak  unsaturated  gain  coefficient 
=  4.0  (on  normalized  cavity  loss  scale).  Sinusoidal  pump  modulation. 


NORMAUZED  CAVITY  U3SS 

Figure  8.  Peak  intensity  of  mode-locked  pulse  vs.  cavity  loss.  Peak  unsaturated  gain 

coefficient  =  4.0  (or.  normalizei!  cavity  loss  scale).  Sinusoidal  pump  modulation 


A  STUDY  OF  TRANSIENTS  AND  STABILITY  IN  MODE-LOCKED  LASERS 
BY  MEANS  OF  A  NON-LINEAR  COUPLED-MODE  ANALYSIS 


Odis  P.  McDuff 
Amjad  Z.  Arnous 

Department  of  Electrical  Engineering 
The  University  of  Alabama 
P.  0.  Box  6169 

Tuscaloosa,  Alabama  35487-6169 


Abstract 


Forced  mode  locking  of  lasers  by  means  of  intracavity  phase  and  loss  modulation  has  been  studied  exten¬ 
sively  over  the  years.  Analyses  generally  have  followed  the  time  domain  approach  in^whlch  the  optical  pulse 
in  the  cavity  is  followed  through  a  complete  round  trip,  or  the  coupled-mode  approach  in  which  the  coupling 
between  the  multiple  axial  modes^l^  studied.  Transient  effects  and  pulse  evolution  have  been  ^tudled  by  the 
linearized  time  domain  approach.  *  The  nonlinear  coupled-mode  equations  of  McDuff  and  Harris  were  original¬ 
ly  used  only  to  determine  the  steady-state  mode-locked  behavior.  However,  they  are  written  in  terms  of  the 
time  derivatives  of  the  instantaneous  mode  amplitudes  and  phases  and  thus  present  a  natural  means  of  studying 
the  transient  behavior  of  the  mode-locked  laser,  including  the  nonlinearities  present.  This  report  presents 
the  results  of  such  a  non-linear  study  of  the  transients  and  stability  of  a  mode-locked  laser  from  the  coupled 
mode  point  of  view.  In  general  the  mode-locked  laser  is  more  stable  at  greater  modulator  strengths.  It  is 
less  stable  when  the  modulator  is  detuned.  When  the  unsaturated  excess  gain  is  larger,  the  laser  reaches 
steady  state  faster.  Generally  the  laser  is  more  sensitive  to  perturbations  of  mode  phases  from  the  steady 
state  values  than  it  is  to  perturbations  of  mode  amplitudes.  Furthermore,  perturbations  of  mode  phases  have  a 
more  deleterious  effect  upon  the  mode-locked  pulse  shape. 


Introduction 


Analyses  of  the  pulse  growth  and  stability  of  solutions  in  an  actively  mode-locked  laser  generally  have 
followed  a  linearize^  domain  approach  in  which  the  optical  signal  in  the  cavity  is  followed  through  a 

complete  round  trip.  ’  The  nonlinear  coupled-mode  equations  of  McDuff  and  Harris  were  originally  developed 
only  to  determine  the  steady-state  mode-locked  behavior.  However,  they  are  written  in  terms  of  the  time 
derivatives  of  the  instantaneous  mode  amplitudes  and  phases  and  thus  present  a  natural  means  of  studying  the 
transient  behavior  of  the  mode  locked  laser,  including  the  nonlinearities  present. 


The  Coupled-Mode  Equations 

2 

The  work  reported  herein  uses  the  coupled  mode  equations  in  the  form  derived  by  McDuff  and  Harris  .  One 
assumes  the  electromagnetic  field  inside  the  laser  cavity  to  be  expanded  as  a  sum  of  the  normal  mode 
eigenfunctions , 

E(z,t)  =  I  E  (t)  cos  [v  t  +  (t)]  U  (z)  ,  (1) 

n  n  n  n  n 

whei-  U  (z)  =  sin  (n  +  n)  irz/L.  The  E  (t)  and  <)i  (t)  are  the  slowly  time  varying  amplitude  and  phase  of  the 
nth  mode,  v  is  its  radian  frequency,  L  is  the  cavity  length,  and  n  is  the  number  of  spatial  variations  of 
some  centra?  mode  whose  frequency  is  chosen  to  be  closest  to  the  center  of  the  atomic  fluorescence  line.  The 
coupled-mode  equations  of  McDuff  and  Harris  are 
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In  these  equations  Av  is  the  detuning  of  the  modulator  drive  frequency  v  from  the  axial  mode  spacing  AfJ,  such 
that  Au  =  AD  -  V  .  The  additional  round  trip  phase  retardation  seen  by  ?he  nth  mode  as  a  result  of  the  atomic 
medium  is  written  as  and  the  fractional  single  pass  power  gain  of  the  nth  mode  as  G  .  Both  i()  and  G 

depend  nonilnearly  upon  frequency  and  optical  intensity,  the  actual  fujc^lonal  dependence  depending  upon 
whether  honogeneous  or  inhomogeneous  broadening  (or  a  mixture)  occurs.  ’’  The  quantity  a  Is  defined  in  terms 

of  the  passive  Q  of  the  nth  mode  as 
n 
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(4) 


vL  1 

“n  c  0  ’ 

n 

and  includes  both  dissipative  and  output  coupling  loss  (mirror  transmission).  Since  loss  is  small,  ot  Is 
approximately  equal  to  the  fractional  single-pass  power  loss  of  the  nth  mode,  i.e., 

a 

(e  "  3  1  +  a  ).  (5) 

n 

In  typical  cases  is  independent  of  n. 

In  equations  (2)  and  (3)  it  was  assumed  that  the  expression  for  the  attenuation  of  the  loss  modulator 
perturbing  element,  per  pass  through  the  element,  could  be  written 

a(t)  =  +  cos  V  t)  .  (6) 

M  m 

Therefore,  if  the  loss  is  small  is  approximately  the  average  single  pass  fractional  loss  through  the 
perturbing  element.  If  the  modulator  extends  over  a  short  distance  in  the  axial,  or  z  direction,  and  has  no 
significant  spatial  variation  over  its  length  in  t^at  direction,  the  cross-coupling  loss  term  and  self 
coupling  loss  term  are  given  by  the  expressions 

“c  =  - 
“a  ^ 

In  the  case^of  homogeneous  saturation  of  the  atomic  medium  as  considered  here,  the  expressions  for  and 
were  taken  as"^ 

IT  .  (9) 
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where  C  is  a  saturation  constant,  g^  is  the  unsaturated  line-center  power  gain,  and  regular 

Lorentzian  line  shape  function  , 

,  ,  1  .  (11) 

i  - A^ 

(V  -  v)='  + 

o  2 

Use  of  Coupled-Mode  Equations 

In  previous  work  based  on  the  coupled  mode  equations  (2)  and  (3)  the  goal  had  been  simply  to  look  for 
steady  state  solutions  which  had  the  derivatives  E  equal  to  zero  and  equal  either  to  zero  or  a  constant 
independent  of  mode  number,  n.  This  was  done  by  a'^Runge-Kutta  numerica!  integration  procedure.  Here  the 
procedure  was  to  study  the  condition  of  the  laser  (mode  amplitudes  and  phases)  as  the  numerical  integration 
proceeded  from  some  set  of  initial  conditions  to  a  new  set  of  conditions  (maybe  steady  state  or  maybe  not). 
Since  the  normal  mode  expansion,  equation  (1),  is  an  approximation  that  may  not  be  accurate  at  conditions  when 
the  laser  oscillation  is  just  barely  building  up  from  zero,  only  perturbations  from  an  initial  oscillation 
condition  were  considered. 

The  condition  of  the  laser  oscillation  was  characterized  by  looking  at  the  output  optical  intensity  pulse 
that  would  result.  If  the  output  signal  of  the  laser  is  written 

E(t)  =  E  E  cos[(fi  +  nv  )t  +  <t  ].  (12) 

n  n  o  m  n 

then  the  low  passed  portlo^  (or  envelope)  of  E^(t),  such  as  would  be  obtained  if  the  signal  were  incident  on  a 
photodetector,  is  given  by 

W(t)  =  ^  E  E  E  E  ^  cos(sv  t  +  i(i  ,  -  iji  )  .  (13) 

2  s  n  n  n+s  m  n+s  n 


From  this  output  pulse  envelope  the  pulse  width  and  the  phase  shift  of  the  pulse  relative  to  the  modulator 

were  determined.  With  an  assumed  modulation  phase  as  in  equation  (6),  the  pulse  under  ideal  zero  detuning 

conditions  has  its  peak  at  u  t  =  (lowest  modulator  loss). 

m 
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Classic  Perturbation  Procedure 

g 

An  alternative  procedure  more  of  the  nature  of  a  classical  stability  study  was  also  used.  Ho  linearized 
the  equations  (2)  and  (3)  to  study  the  effect  of  noise  perturbations  due  to  spontaneous  emission.  Obviously 
if  numerical  techniques  are  used  linearization  is  not  necessary. 

In  this  alternate  procedure,  it  is  assumed  that  a  steady  state  solution  to  equations  (2)  and  (3)  has  been 

reached  with  the  corresponding  values  E  and  if)  obtained.  Then,  perturbations  to  the  E  and  <(i  are  added. 
T  jj  ^  nOjj  j  “O  ..  no  no 

Immediately  after  the  perturbations  are  added,  one  has 
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Substituting  these  relations  into  equations  (2)  and  (3)  and  subtracting  off  the  original  steady  state  values, 
one  obtains  equations  for  AE  and  Aq  as  follows: 
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In  these  equations  the  G  indicates  equation  (9)  with  E  +  AE  used,  whereas  G  indicates  equation  (9)  with 
E^^  used,  and  similarly  ?or  i|i^  and  using  equation  (?8) .  " 

In  using  equations  (16)  and  (17),  a  steady  state  solution  was  obtained  using  equations  (2)  and  (3),  and 
then  perturbations  AE  and  At  were  assumed  and  equations  (16)  and  (17)  numerically  integrated  using  a 
Runge-Kutta  procedure.  The  integration  was  continued  until  the  AE  and  At  decayed  back  to  zero.  This 
approach  is  capable  of  handling  only  perturbations  in  mode  amplitu3es  and  places  after  steady  state  has  been 
reached  with  a  given  set  of  laser  parameters.  It  is  not  capable  of  handling  a  sudden  change  in  one  of  the 
laser  parameters,  such  as  modulation  strength,  whereas  the  first  procedure  directly  solving  equations  (2)  and 
(3)  is. 
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Results 


In  doing  the  numerical  work,  constants  were  assumed  approximately  appropriate  to  a  Nd:YAG  laser  with  a 
cavity  length  of  1  meter.  The  laser  parameters  were  assumed  to  be  a  =  0.1,  g  =  0.16,  and  the  llnewidth  120 
GHz.  The  saturntlon  constant  C  in  equations  (9)  and  (10)  was  chosen  to  give  convenient ^mode  amplitudes  and 
then  left  constant  for  the  rest  of  the  work,  since  its  only  effect  is  to  set  the  scale.  The  progression  of 
performance  after  a  perturbation  of  the  laser  was  expressed  versus  the  number  of  round  trips  of  the 
mode-cocked  pulse  in  the  cavity.  The  pulse  shape  itself  was  plotted  versus  v  t  as  noted  above.  The  figures 
that  follow  show  some  of  the  results  obtained. 


In  Figure  1  is  shown  the  development  of  the  pulse  when  the  laser  is  allowed  to  reach  steady  state  and 
then  the  phase  angles  are  increased  by  an  amount  Aifi  =  n  x/IO.  This  was  at  zero  detuning  of  the  modulator  and 
with  a  =0.6.  The  perturbation  destroys  the  pulse  shape  but  the  laser  recovers  in  ^2000  cavity  round  trips. 

A  simifar  run  with  a  =1.2  gave  a  shorter  recovery  time  of  ~  1200  round  trips.  Figure  2  shows  the  laser 
recovery  when  the  mo§e  amplitudes  are  perturbed  by  50X.  The  pulse  shape  is  unaffected  by  such  a  perturbation 
and  the  laser  recovers  much  quicker.  Again,  a  larger  mode  coupling  a  =1.2  causes  it  to  recover  quicker. 

Figure  3  shows  the  transition  from  one  steady  state  condition  with  a  =  0.1  to  another  condition  with  a  = 

0.088  (l.e.  the  cavity  loss  is  suddenly  decreased).  The  pulse  grows  rapidly  to  the  new  peak  value  in  s  400 
round  trips  (the  final  pulse  also  is  more  narrow,  although  it  cannot  be  seen  from  the  figure).  Figure  4  shows 
that  changes  in  modulator  detuning  in  either  direction  from  zero  detuning  require  similar  times  for  the  laser 
to  reach  the  new  steady  state.  Figure  5  shows  that  when  the  modulator  cross  coupling  is  suddenly  increased  less 
time  is  required  for  the  laser  to  reach  the  new  steady  state  than  when  the  cross  coupling  is  suddenly  decreased. 
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Figure  6  shows  that  when  the  laser  cavity  loss  a  is  changed,  similar  times  are  needed  to  reach  the  new  steady 
state  both  for  an  increase  and  a  decrease  in  a  .  Similar  runs  at  a  higher  modulator  cross  coupling  required 
less  time  to  reach  the  new  steady  state.  Figure  7  and  8  show  a  comparison  of  the  results  from  the  two 
techniques,  i.e.  use  of  equations  (2)  and  (3)  and  use  of  equations  (16)  and  (17). 


Conclusions 


Two  techniques  have  been  shown  for  the  study  of  the  transient  behavior  of  a  mode-locked  laser.  In  one  of 
them  the  evolution  of  the  system  from  the  perturbed  initial  conditions  to  the  steady-state  condition  is 
followed  versus  time.  In  the  other  technique,  a  classical  stability  study  is  performed  in  which  the  decay 
with  time  of  the  perturbations  is  observed. 

In  general  the  mode-locked  laser  is  more  stable  at  higher  cross  coupling  a  .  It  is  less  stable  when  the 
modulator  is  detuned.  When  the  excess  gain  is  larger  (g  -  a  is  larger),  the  system  reaches  steady-state 
faster.  Generally,  the  system  is  more  sensitive  to  perturbations  of  mode  phases  than  it  is  to  mode 
amplitudes.  Furthermore,  perturbations  of  mode  phases  have  a  more  deleterious  effect  on  the  mode-locked  pulse 
shape . 

The  two  techniques  that  have  been  shown  give  very  useful  procedures  for  studying  theoretically  the 
stability  and  transient  behavior  of  mode-locked  lasers,  a  problem  that  is  extremely  difficult  to  study 
experimentally. 
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Figure  1. 


Figure  2. 
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Figure  3.  Development  of  laser  pulse  after  the  cavity  loss  is  changed  from  =  0.1  to 

a  “  0.088.  Detuning  iu  =  0  and  modulator  cross  coupling  a  *  0.6. 
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Figure  6. 


Number  of  pulse  round  trips  in  cavity  to  reach  steady  state  vs.  new  cavity  loss.  Original 
cavity  loss  a  *0.1.  Modulator  cross  coupling  a  *  0.6  and  detuning  Av  *  0. 


Figure  7.  Number  of  pulse  round  trips  In  cavity  to  reach  steady  state  vs.  perturbation  of  mode  phases  by 
iiji  =  n(%  of  tt)  using  direct  solution  of  coupled  mode  equations  (2)  and  (3).  Detuning  Av  =  0 
anS  modulator  cross  coupling  =  1.2. 


Figure  8.  Number  of  pulse  round  trips  in  cavity  to  reach  steady  state  vs.  perturbation  of  mode  phases  by 

A^n  ”  It)  using  stability  approach  equations  (16)  and  (17).  Detuning  Av  =  0  and  modulator 

cross  coupling  o  *  1.2. 


BEAM  AMPLIFICATION  AND  OPTICAL  PHASE  CONJUGATION  VIA  MULTIWAVE  MIXINGS 
IN  A  NONLINEAR  MEDIUM:  NEW  THEORETICAL  PERSPECTIVE  AND  EXPERIMENTAL  RESULTS 
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Department  of  Electrical  Engineering 
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Abstract 

Recently  developed  theories  and  observed  experimental  results  on  multiwave  mixing  related  beam 
amplifications  and  phase  conjugations  are  reviewed.  In  a  highly  nonlinear  thin  medium,  the  presence  of  the 
diffracted  beams  from  the  pump-probe  beams  induced  grating  modifies  considerably  the  energy  coupling  between 
the  pump  and  the  probe  beams,  leading  to  substantial  amplification  of  the  latter.  This  enhanced  probe  beam 
amplification  effect,  in  conjunction  with  the  retroreflected  pump  beam  (or  a  strong  beam  counterpropagating  to 
the  pump),  gives  rise  to  an  increased  phase  conjugation  reflection.  Experimental  results  with  the  thermal  and 
orientational  nonlinear ities  of  liquid  crystal  and  electronic  nonlinearity  in  semiconductor  are  in  good 
agreement  with  the  theoretical  predictions. 


Introduction 


With  the  emergence  of  several  highly  nonlinear  optical  materials,  the  theory  and  practice  of  several 
nonlinear  optical  processes  have  taken  an  every  increasing  number  of  variations,  and  provided  new  fundamental 
insights  and  application  potentials.  Optical  self-phase  modulations,  leading  to  self-limiting  and  pulse 
shaping  and  compression  applications,  and  optical  wave  mixings,  leading  to  optical  phase  conjugation  and  self- 
pumped  phase  conjugating  oscillators  are  but  a  few  salient  examples. 

In  this  paper,  we  will  present  some  new  theoretical  and  experimental  results  of  optical  wave  mixings  in 
a  highly  nonlinear  thin  film.  Specifically,  we  will  focus  our  attention  on  the  amplification  and 
phase-conjugated  reflection  of  a  probe  beam,  which  occur  when  the  probe  beam  is  mixed  with  a  strong  pump  beam 
in  a  nonlinear  medium  (c.f..  Figure  la  and  lb).  In  Figure  la,  which  we  shall  henceforth  refer  to  as  the 
"forward  wave  mixing  process"  (FWMP),  the  pump  and  the  probe  beams  create  the  initial  grating,  which  then 
scatter  the  pump  or  the  probe  into  the  various  diffracted  orders.  New  gratings  among  the  beams  are  created 
within  the  medium  owing  to  these  diffracted  beams,  which  also  produce  various  new  energy  coupling  and  exchange 
mechanisms  between  the  strong  pump  beam  and  all  these  other  weaker  beams.  In  Figure  lb,  which  we  shall  refer 
to  as  the  "backward  wave  mixing  process,"  (BWMP),  an  additional  strong  (reconstruction)  beam  is  present,  and 
it  scatters  from  all  the  gratings  created  in  the  FWMP  into  an  "array"  of  backward  propagating  diffracted 
beams,  which  also  form  new  gratings  with  the  reconstruction  beam.  For  simplicity,  we  have  shown  only  one 
forward  and  one  backward  diffracted  beam  in  Figure  lb,  which  would  have  been  the  case  if  the  probe  beam  is 
extremely  weak  compared  to  the  pump.  A  situation  that  exists  when  we  are  dealing  with  self-oscillations 
originating  from  noise  sources,  for  example. 

Summary  of  Theories  and  Experiments 

To  fully  understand  these  two  processes,  especially  the  exchanges  of  energies  amongst  the  beams,  a 
detailed  description  of  the  medium's  nonlinear  optical  response  is  necessary.  This  is  because  many  of  the 
beams  (e.g.,  the  diffracted  beam  and  the  phase  conjugated  reflection)  are  created  within  the  medium  via  the 
nonlinear  optical  responses,  and  the  growths  of  these  beams  from  their  entry  planes  to  the  exit  planes  are 
governed  by  the  spatially  dependent  nonlinear  mechanism  that  couples  all  these  electromagnetic  waves  together. 

The  nonlinear  responses  can  take  on  perhaps  the  simplest  form  of  a  Kerr-like  medium,  where  the  couplings 
amongst  the  various  beam  are  due  to  a  local  intensity  dependent  refractive  index  n  given  by 

n  =  no  +  n2E^  (1) 

where  ng  is  the  unperturbed  refractive  index,  03  is  the  nonlinear  coefficient,  and  E  is  the  amplitude  of  the 
total  optical  electric  field  (which  contains  several  spatial  frequency  as  well  as  temporal  frequency 

components).  The  nonlinear  coefficient  n^  can  be  real,  or  complex  (i.e.,  n^  =  |  n^  |  e^’*’),  where  if  is  the  phase 

shift  between  the  refractive  index  grating  and  the  optical  intensity  grating. 

This  Kerr-like  type  of  coupling,  and  the  resulting  probe  beam  amplification  and  growth  and  decay  of  all 
the  input  and  generated  beams  have  been  studied  in  detail  (theoretically  and  experimentally)  by  our  group. ^ 

In  general,  it  is  found  that  in  a  highly  nonlinear  thin  medium,  e.g.,  a  lOOpm  thick  nematic  liquid  crystal 
film,  substantial  probe  amplification  can  be  achieved  in  FWMP  via  the  scattering  of  the  pump  beam  from  the 
pump-diffracted  beam  coupling.  Figure  2  shows  a  typical  dependence  of  the  probe  gain  versus  the  pump 
intensity,  for  a  constant  pump-probe  beam  ratio.  The  "saturation"  effect  at  higher  pump  intensities  is  due  to 
the  loss  of  the  probe  beam  into  other  higher  order  diffracted  beam  directions. 
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A  second  form  of  nonlinearity,  namely,  thermal  nonlinearity  is  slightly  more  complicated  because  of  its 
diffusive  nature,  i.e.,  the  nonlinear  response  of  the  medium  depends  on  the  boundary  conditions  at  various 
planes  in  the  medium.  In  general,  therefore,  the  thermal  diffusion  problem  is  a  three-dimensional  one  under 
the  steady  state  regime  (e.g.,  when  cw  lasers  are  used).  It  can  be  reduced  to  a  two-dimensional  problem  if 
the  beam  is  assumed  to  be  very  large  along  the  dimension  orthogonal  to  the  grating  wave  vector.  Nevertheless, 
complete  solutions  of  the  coupled  wave  equations  for  the  FWMP  and  the  BWMP  still  require  very  tedious 
self-consistent  iterative  numerical  techniques,  in  order  to  properly  account  for  the  boundary  condition  (which 
is  usually  a  set  of  initial  temperatures  at  the  input  and  exit  planes). 

A  complete  solution  of  a  simplified  version  of  this  process,  taking  into  account  only  one  diffracted 
beam  in  the  FWMP,  is  given  in  Reference  2.  As  we  remarked  earlier,  this  simplification  is  valid  if  the  pump 

to  probe  beam  ratio  is  large  (i.e.,  the  probe  beam  is  very  weak)  and  so  only  one  diffracted  beam  on  the  pump 

side  takes  on  an  appreciable  magnitude.  In  our  theory,  the  medium  is  assumed  to  be  thin,  and  the  wave  mixing 
angle  is  small  (i.e.,  large  grating  constants),  so  that  phase  mismatches  among  the  pump,  probe  and  diffracted 
beams  are  negligible.  For  such  a  thin  medium  to  produce  an  appreciable  observable  effect,  it  certainly  must 
posses  a  very  high  thermal  refractive  index  gradient  (dn/dT).  In  Reference  2,  the  extraordinarily  large 
thermal  refractive  index  gradients  of  nematic  liquid  crystals  near  the  phase  transition  temperature  is 

employed.  Using  a  cw  CO^  laser,  a  100$  probe  gain  is  easily  observed  with  a  pump  beam  intensity  on  the  order 

of  a  few  watts/cra^  (c.f..  Figure  2).  Figure  A  shows  a  typical  "saturation"  effect  in  the  probe  gain  at  high 
intensity,  which  is  experimentally  determined  to  be  caused  by  the  loss  of  the  probe  beam  into  higher  order 
diffraction.  By  matching  the  thermal  diffusion  times  with  an  appropriate  laser  pulse  (a  few  tens  of 
milliseconds),  an  even  larger  probe  amplification  can  be  obtained.  (Up  to  2000$  amplification  has  been 
observed  with  pump  pulse  with  a  few  watts  in  power  (intensity  on  the  order  of  10  watts/  cm^.)  (Reference  2) 

Another  form  of  optical  nonlinearity,  namely,  electronic  nonlinearity,  has  also  been  theoretically  and 
experimentally  studied  in  the  context  of  the  FWMP  and  BWMP  described  aboved.  Specifically,  the  intensity 
dependent  change  in  refractive  index  caused  by  the  creation  of  free  carriers  in  silicon  by  nanosc-’cnd  Nd:Yag 
laser  pulses  and  the  resultant  FWMP  and  BWMP  are  studied.  Although  the  refractive  index  change  can  also  be 
expressed  in  the  form  An  =  n2E^,  the  fact  that  several  parameters  responsible  for  n2  (e.g.,  absorption 
coefficient)  are  temperature-dependent,  and  the  temperature  is,  in  turn,  dependent  on  many  time  dependent 
parameters  like  electron-hole  attenuations,  recombinations,  and  the  optical  fields,  contribute  to  complicate 
the  problem.  Several  coupled  equations  (one  describing  the  temperature  rise,  one  for  the  free  carrier 
concentration)  and  the  coupled  Maxwell  wave  equations  for  both  the  FWMP  and  BWMP  have  to  be  solved  in  a 
self-consistent  manner.  A  detailed  theoretical  and  experimental  study  for  the  FWMP  has  been  performed.  In 
general,  the  theory  fits  the  experimental  data  very  well.  For  example,  it  describes  the  dependence  of  the 
probe  gain  on  the  pump-probe  beam  ratio,  and  the  probe  gain  dependence  on  the  pump  intensity  very  well  (c.f.. 
Figures  5  and  6,  respectively).  Recently,  we  have  also  performed  some  preliminary  studies  of  BWMP  in  the  Si 
sample.  As  plotted  in  Figure  5,  solid  circles,  the  phase  conjugation  reflectivity  is  shown  to  be  dependent  on 
the  pump  to  probe  beam  ratio  as  one  would  expect  from  the  FWMP.  The  main  limiting  factor  in  the  probe  gain  is 
found  to  be  due  to  the  optical  beam  attenuation  by  the  electron-hole  plasma  created  by  the  laser  pulse.  Using 
the  best  geometry  (small  crossing  angle  <  0.01  radian),  one  can  observe  up  to  about  20  in  the  probe  beam 

amplification . 


Conclusions 


We  have  quite  conclusively  demonstrated  that  under  phase-matched  conditions,  when  diffracted  beams  are 
present,  and  when  the  pump  to  probe  beam  intensity  ratio  is  high,  a  nonlinear  medium  can  efficiently  amplify  a 
weak  probe  (signal)  beam.  This  effect  is  therefore  observable  in  any  highly  nonlinear  material.  This  process 
can  obviously  be  applied  to  image  amplification,  self-pumped  ring  oscillation,  and  wave  mixing  based  processes 
(e.g.,  phase-locked  oscillations  and  self-pumped  oscillations).  More  details  of  the  FWMP  and  BWMP  theories 
for  important  nonlinear  materials  (e.g.,  semiconductors,  liquid  crystals,  photorefractive  materials)  remain  to 
be  worked  out,  and  they  are  currently  being  studied  concurrently  with  experiments.  These  theories,  and 
detailed  experimental  results,  will  be  presented  in  longer  articles  elsewhere. 
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Figure  Captions 


Fig.  la  Forward  wave  mixing  geometry,  with  an  incident  pump  and  a  probe  beam,  and  Four  diffracted  beams. 

Fig.  lb  Backward  wave  mixing  geometry,  showing  a  forward  propagating  pump,  probe  and  diffracted  beam,  and 
a  backward  counterpropagatlng  pump  beam,  phase  conjugated  reflection  of  the  probe,  and  a 
diffracted  beam. 

Fig.  2  Dependence  of  the  probe  gain  on  the  pump  intensity.  Thickness  of  homeotropically  nematic  liquid 

crystal  film  is  ITOpra.  Pump  to  probe  beam  ratio  is  2i40:l  laser  beam  diameter  is  2mra.  Angle 
between  the  optical  electric  field  of  the  linearly  polarized  laser  and  the  director  axis  is  22°. 
Crossing  angle  between  the  pump  and  the  probe  is  5  mrad.  For  other  details,  see  Reference  la. 

Fig.  3  Dependence  of  the  probe  gain  on  the  temperature.  The  liquid  crystal  used  is  100pm  thick, 

homeotropically  aligned,  and  placed  in  a  temperature  cell.  The  pump  to  probe  beam  ratio  is  175:1. 
The  crossing  angle  is  2.7°.  Pump  power  is  about  3  watts.  Beam  diameter  is  0.8  cm.  The  laser 
optical  electric  field  is  perpendicular  to  the  director  axis  (l.e.,  the  ordinary  refractive 

index  thermal  gradient  is  used. 

Fig.  A  Experimentally  observed  probe  gain  dependence  on  the  pump  intensity  for  the  same  geometry  used  in 

getting  Figure  3.  Above  a  pump  power  of  1.5  watt,  the  value  of  the  probe  gain  is  recorded  just 
before  the  sample  goes  into  the  isotropic  phase  (when  the  probe  gain  drops  to  zero).  Numerous 
diffracted  beams  can  be  observed  at  pump  Intensity  at  this  level. 

Fig.  5  Circles:  Dependence  of  the  probe  beam  gain  on  the  pump-probe  beam  ratio  in  our  experiment  with  a 

AOOpm  thick  silicon  wafer.  Details  see  Reference  3. 

Solid  Circles:  Dependence  of  the  phase  conjugated  reflection  of  the  probe  beam  on  the  pump-probe 
beam  ratio.  (Vertical  axis  is  scaled  to  coincide  with  the  gain  at  high  pump-probe  beam  ratio  of 
(i)).  Solid  line  is  a  theoretical  fit  based  on  the  theory  of  Reference  lb. 

Fig.  6  Dependence  of  the  probe  gain  on  the  pump  intensity  showing  saturation  effect  at  high  intensity. 

Curve  a  shows  our  theoretical  fit  that  accounts  for  the  electro-hole  plasma  attenuation  effect. 
Curve  b  is  a  theory  without  accounting  for  the  electron-hole  plasma  attenuation  effect.  For 
details,  see  Reference  3- 
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WAVEGUIDE  GRATINGS  AND  OPTICAL  DAMAGE  IN  LiNb03;Ti:Fe 

P.  Hertel ,  E.  Kratzig  and  H.  Pape 

Fachbereich  Physik  der  Um'versitat 
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The  photorefractive  effect  of  Fe  centers  in  titanium-indiffused  planar  waveguides  is  studied  by  holographic 
methods.  Gratings  are  formed  by  intersecting  coherent  guided  beams  and  are  monitored  by  measuring  the  diffrac¬ 
tion  efficiencies.  Modes  of  different  order  and  polarization  probe  the  gratings  at  different  depths  for  the 
ordinary  and  extraordinary  light-induced  refractive  index  charige.  The  saturation  values  indicate  that  the  total 
Fe  concentration  depends  only  weakly  on  depth.  This  is  supported  by  SIMS  measurements.  The  rates  of  decay  upon 
homogeneous  illumination  show  that  the  Fe^'*'  concentration  increases  towards  the  waveguide  surface  by  a  factor 
of  about  ten.  Ti^'^  ions  stabilize  iron  in  the  Fe^'^  state.  A  set  of  equations  describing  the  photorefractive 
effect  in  LiNb03;Ti:Fe  is  presented. 


1  Introduction 


LiNbOj  is  an  artificial ly  grown  ferroelectric  material  with  a  number  of  outstanding  properties.  Infrared  or 
visible  light  propagates  with  very  little  absorption,  and  there  are  various  means  to  impose  refractive  index 
changes  and  thereby  control  the  propagation  of  light. 

The  refractive  indices  of  LiNbOg  can  be  modified  permanently  by  indiffusion,  outdiffusion ,  implantation, 
and  exchange  of  ions.  In  particular,  linear  or  planar  structures  of  increased  refractive  index  are  easy  to 
produce.  Indiffusion  of  titanium  ions  today  is  the  preferred  method  to  fabricate  low  loss  dielectric  optical 
waveguides  [IJ. 

The  refractive  indices  of  LiNbOg  also  change  as  a  consequence  of  mechanical  strain.  This  effect  gives  rise 
to  interactions  between  acoustic  waves  and  light,  it  is  of  interest  to  modern  microwave  technology. 

An  electric  field  likewise  modifies  the  refractive  indices  of  LiNbOg.  Most  devices  of  integrated  optics, 
like  switches,  multiplexers,  and  modulators,  are  based  on  this  effect. 

An  electric  field  may  be  applied  externally,  but  it  can  also  be  an  internal  field.  Such  internal  electric 
fields  are  the  result  of  photoinduced  charge  transport.  Upon  non-uniform  illumination  electrons  are  mobilized 
and  migrate  to  darker  regions.  The  resulting  space  charge  field  generates  an  electric  field  which  in  turn  in¬ 
duces  refractive  index  changes.  This  photorefractive  effect  allows  to  store  volume  phase  holograms  and  gives 
rise  to  wave  mixing. 

The  photorefractive  effect  [2]  in  LiNbOg  has  been  studied  extensively.  Even  undoped  crystals  contain  tran¬ 
sition  metal  impurities,  such  as  iron,  of  a  few  ppm,  and  these  centers  are  sources  and  traps  for  mobilized 
electrons.  Iron  centers  are  either  in  the  Fe^'^  or  in  the  Fe^'^  state  [3].  Practically  all  absorption,  for 
visible  light,  is  caused  by  Fe^'^  centers  [4].  Upon  absorbing  a  photon  the  Fe^'^  center  decays  with  a  certain 
probability  into  an  Fe^'^  center  and  an  electron  which  is  ejected  into  the  conduction  band.  The  electron  suffers 
an  instantaneous  displacement  along  the  crystallographic  c-axis.  The  corresponding  charge  transport  mechanism 
is  known  as  the  photovoltaic  effect  [5].  Before  being  trapped  by  another  Fe^'*’  center  the  mobilized  electron 
performs  a  random  walk  (diffusion)  with  a  systematic  drift  in  an  electric  field  (photoconductivity).  Note  that 
the  dark  conductivity  at  room  temperature  is  extremely  small.  An  internal  electric  field  decays,  by  conduction 
in  the  dark,  with  a  time  constant  of  up  to  one  year. 

Here  we  discuss  the  photorefractive  effect  in  titanium  diffused  planar  waveguides.  From  the  waveguide  point 
of  view  this  effect  is  a  nuisance,  and  it  was  therefore  called  'optical  damage'.  Light-induced  refractive  in¬ 
dex  changes  indeed  may  damage  the  proper  functioning  of  waveguides  as  linear  devices.  On  the  other  hand,  holo¬ 
graphic  information  storage  or  wave  mixing  in  photorefracti vely  sensitive  waveguides  are  promising  fields  of 
investigations. 

We  shall  report  on  recent  studies  of  the  LiNbOg:Ti:Fe  system.  It  is  known  since  long  that  the  photorefractive 
effect  is  more  pronounced  in  titanium  indiffused  waveguides  as  compared  with  bulk  material  [6].  We  will  explain 
why  this  is  so;  titanium  ions  stabilize  iron  impurities  in  the  Fe^''-  state. 

In  chapter  2  we  describe  our  measurements,  in  chapter  3  their  interpretation.  We  finally  present  the  equa¬ 
tions  which  describe  the  LiNb03:Ti:Fe  system  in  full  generality,  to  our  present  knowledge. 


2  Experiments 

Our  LiNbOg  substrates  have  been  grown  from  the  congruent  melt.  The  correspondina  composition  was  checked  by 
measuring  the  phase  matching  temperature  for  second  harmonic  generation  (SHG)  which  depends  markedly  on  the 
Li;iib  rotio.  A  secondary  ion  mass  spectroscopy  analysis  (SIMS)  indicated  that  Fe  ions  are  the  prevailing 
transition  metal  impurities.  The  Fe  concentration  was  additionally  determined  by  electron  spin  resonance  spec¬ 
troscopy  (ESR).  The  crystals  had  been  annealed  in  a  pure  oxygen  atmosphere  in  order  to  transfer  the  predominant 
part  of  the  Fe  ions  into  the  Fe^*  state.  We  found  Fe  concentrations  which  differed  between  10  and  20  ppm  from 
sample  to  sample. 

Titanium  films  of  typically  100  nm  thickness  were  deposited  on  our  y-cut  substrates  by  vacuum  electron  gun 
evaporation.  The  samples  were  wrapped  in  platinum  foil,  placed  in  a  ceramic  pipe  and  heated  to  temperatures 
of  1000°C  for  several  hours  in  argon  atmosphere,  afterwards  in  oxygen  atmosphere  to  allow  for  reoxidation 
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Fifteen  planar  waveguides  have  been  made  according  to  this  procedure. 

We  measured  the  effective  indices  of  guided  transversal  electric  (TE)  and  transversal  magnetic  (TM)  modes 
by  the  well-known  prism  coupling  method  [7],  From  these  data  the  Ti-induced  refractive  index  profiles  can  be 
reconstructed  such  that  the  mode  intensity  distribution  may  be  calculated. 

The  light-induced,  or  photorefracti ve  index  changes  are  determined  by  measuring  the  diffraction  efficiency 
of  holographic  gratings.  Two  intersecting  coherent  beams  were  coupled  into  the  waveguide  by  a  rutile  prism  and 
out  of  it  by  a  second  prism  (see  Fig.  1).  We  use  an  argon  ion  laser  at  >  =  514  nm.  The  interaction  length  d  is 
7  mm,  the  angle  20  between  the  two  beams  is  typically  0.1  rad.  The  TE-  and  TM  modes  of  various  orders  were 
excited  by  adjusting  the  coupling  angle  oi  and  selecting  the  appropriate  light  polarization. 

The  diffraction  efficiency  is  determined  by  monitoring  the  grating  with  one  incident  beam  and  measuring  the 
intensities  of  both  transmitted  beams;  it  is  defined  as  the  ratio  of  the  diffracted  to  the  total  transmitted 
intensity.  We  did  not  monitor  the  grating  formation  process  since  such  data  are  difficult  to  interpret.  There 
will  be  dynamical  effects  which  must  be  taken  into  account.  To  correct  for  such  effects  a  Jetailed  knowledge 
of  the  photorefractive  behaviour  of  LiNb03;Ti:Fe  waveguides  is  required  -  properties  which  are  to  be  studied. 

We  therefore  measured  the  erasure  of  the  refractive  index  pattern  upon  homogeneous  illumination.  The  read¬ 
out  efficiency  was  monitored  during  homogeneous  illumination  of  the  entire  substrate  with  incoherent  light  of 
A  =  514  nm.  The  saturation  value  as  well  as  the  decay  rate  of  the  holographic  grating  was  determined  for  each 
mode  and  for  each  polarization. 


3  Interpretation 


We  will  now  describe  the  formation  and  decay  of  holographic  gratings  in  LiNb03:Ti:Fe  planar  waveguides.  The 
full  set  of  equations  is  discussed  in  the  next  chapter,  here  we  present  a  simplified  formulation.  This  is 
quite  sufficient  for  our  purpose,  namely  to  prove  that  the  concentration  of  Fe^^  centers  increases  towards  the 
waveguide  surface.  For  a  more  complete  discussion  see  [8]  and  [9]. 

We  denote  by  y  the  depth  below  the  waveguide  surface.  Modes  propagating  along  the  x-axis  are  either  TE  or 
TM;  they  are  labelled  by  the  number  of  nodes,  m  =  0,1,...  .  We  have  mentioned  above  that  propagation  constants 
3,^  were  measured.  By  an  improved  inverse  WKB-procedure  [10]  we  reconstructed  the  Ti  induced  ordinary  and  extra¬ 
ordinary  refractive  index  profiles.  A  simple  Runge-Kutta  program  then  allows  to  calculate  the  mode  field 
distribution  E[,i(y)  for  all  modes  and  both  polarizations.  Note  that  the  electric  field  is  a  z-component  in  the 
TE  case  and  (predominantly)  a  y-component  in  the  TM  case. 

Off-axis  modes  are  described  by 


Em(x,y,z)  = 


iSj^xcosO  ‘ 

e  e 


I3^zsinu 


(1) 


For  sufficiently  small  angles  0  these  are  indeed  solutions  to  the  mode  equation,  for  larger  angles  hybrid 
modes  must  be  considered.  Note  that  both  waves  have  identical,  0-independent  propagation  constants;  phase 
matching  therefore  is  not  critical. 

Superimposing  two  such  waves  with  equal  amplitudes  gives  an  intensity  pattern 

I(x,y,z)  ^  lE^.(y)  (UcosK^z).  (2) 

=  2.'-fn  sinO  is  the  grating  vector. 

Assume  that  an  refractive  index  grating 


‘n(x,y,z)  =  •n(y)  cosK^^z 


(3) 


has  "volved.  Since  we  monitor  this  grating  with  only  one  beam  a  (constant)  phase  shift  is  irrelevant  for  what 
follows.  ^ 

This  grating  will  diffract  a  E^,  mode  into  a  Efp  mode  and  vice  versa  with  efficiency  r;|^.  Coupling  between 
modes  of  different  order  or  Hifferent  polarization  is  very  weak  because  of  phase  mismatch.  For  the  diffraction 
efficiency  we  calculate 


•  2,1 

=  sin  (- 


<in>m). 


(4) 


The  intensity  averaged  refractive  index  change 


/dy  :'E^(y)  ;^rn(y) 
/dy’E^(y):^ 


(5) 


has  to  be  inserted  into  Kogelnik's  [11]  famous  formula  (4).  En|(y)  is  from  (1),  n(y)  from  (3). 

Since  the  grating  vectors  are  small  we  may  safely  neglect  diffusion.  We  m,iy  likewise  neqlect  dark  conduc¬ 
tivity.  Saturation  then  is  reached  when  the  photovoltaic  and  the  photocurrent  balance  each  other.  The  photo¬ 
voltaic  current 


"pv 


Ic 


2  + 


(6) 


is  proportional  to  the  light  intensity  I  and  the  concentration  of  Fe^*^  centers.  The  photocurrent 
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E  with  o„L,  “  I 


(7) 


is  proportional  to  the  driving  space  charge  field  E,  the  light  intensity,  the  number  of  electron  sources  and 
inversely  proportional  to  the  number  of  traps,  i.e.  the  concentration  of  Fe^'*'  centers.  It  follows  that  the 
saturation  electric  field  does  neither  depend  on  intensity  nor  on  ,  but  is  directly  proportional  to  c^"^. 

The  saturation  refractive  index  change,  which  is  proportional  to  the  space  charge  field,  should  likewise  be 
independent  of  c^'^  and  grow  linearly  with  c3+. 

Now,  the  saturation  diffraction  efficiencies  have  been  measured  for  all  TE-  and  TM  modes.  (4)  and  (5) 
allow  to  calculate  <<5n>|^,  the  intensity  averaged  extraordinary  or  ordinary  photorefractive  index  change,  re¬ 
spectively.  Intensities  refer  to  modes  m  =  0,1,...,  they  probe  increasingly  deeper  regions  of  the  waveguide. 

We  obtain  saturation  refractive  index  changes  which  only  slightly  depend  on  the  mode  label  m.  For  a  typical 
waveguide  wh^'ch  carries  four  TE  and  four  TM  modes  we  obtain  saturation  values  <‘n  =  5. 9, 5. 2, 5. 2,  and 

-F  <:3t  -R  ® 

4.9x10  and  =  1.9, 1.9, 1.8,  and  1.5x10  for  m  =  0. .  .4 ,  respectively. 

From  what  has  been  said  above  we  conclude  that  the  concentration  of  Fe^^  centers  depends  but  weakly  on  the 
depth  below  the  waveguide  surface.  Our  waveguides  have  been  highly  oxidized  in  order  to  minimize  the  number 
of  Fe^'*'  centers.  Most  Fe  impurities  are  in  the  Fe^'*'  state.  Our  saturation  measurements  therefore  indicate  that 
the  iron  concentration  does  not  vary  appreciably  with  depth.  This  conclusion  is  supported  by  direct  SIMS  mea¬ 
surements  of  the  iron  concentration  profile.  The  enhanced  optical  damage  in  Ti  indiffused  waveguides  is  not 
caused  by  an  additional  iron  contamination. 

Let  us  now  discuss  the  decay  of  gratings  upon  homogeneous  illumination.  The  space  charge  field  will  decay 
with  the  local  Maxwell  time  constant  which,  in  our  case,  is  proportional  to  the  photoconductivity.  For  suffi¬ 
ciently  small  erasure  times  we  obtain 


<in>Jt)  =  <.5n>^^^  (1  ...).  (S: 

The  photoconductivity  is  proportional  to  the  ratio  c^^/c^^  of  electron  source  to  trap  concentration.  The 
latter  varies  only  weakly  with  depth,  therefore  the  decay  rate  is  directly  proportional  to  the  intensity 
averaged  Fe^”^  concentration. 

In  Fig.  2  we  have  plotted  the  averaged  refractive  index  change  -  calculated  from  measured  diffraction 
efficiencies  -  as  functions  of  the  erasure  time.  It  is  evident  that  the  low  order  mode  gratings  decay  faster. 
Since  the  low  order  modes  propagate  closer  below  the  surface  we  conclude  that  c^'*'  is  higher  there.  In  Fig.  3 
the  intensity  averaged  Fe^"^  concentration  is  plotted  vs.  the  intensity  averaged  penetration  depth. 

The  Fe2+/Fe3+  concentration  ratio  close  to  the  surface  is  roughly  ten  times  higher  than  the  bulk  ratio. „ 

We  conclude  that,  in  the  presence  of  Ti^"^  ions,  even  the  strongest  oxidation  treatment  cannot  bring  the  Fe'^'^ 
concentration  below  a  certain  threshold.  This  threshold  will  be  higher  for  higher  Ti^"^  concentraj^ion. 

Our  data,  however,  do  not  yet  allow  to  establish  a  precise  functional  relationship  between  Fe*-"^  stabili¬ 
zation  and  Ti  concentration.  The  correct  graph  {y,c^*(y))  will  not,  in  general,  pass  through  the  points 

•  Rather  different  functions  c’'^(y)  can  reproduce  the  data  in  Fig.  3,  within  experimental  errors. 
Nevertheless,  all  fitting  functions  have  in  common  that  the  Fe^'^  concentration  changes  by  a  factor  of  about 
ten  over  a  distance  which  is  of  the  order  of  the  waveguide  thickness. 


^  ...). 


4  Equations  for  the  LiNbO^'.Ti  :Fe  System 

Let  us  now  write  down  the  equations  for  dynamical  holography  in  planar  LiNb03:Ti:Fe  waveguides.  They  are 
adapted  from  [12]  for  our  purpose.  There  is  a  reading  and  a  writing  part.  We  will  use  Einstein's  summation 
convention.  By  E-j  we  denote  the  components  of  the  quasistatic  electric  field,  by  e]  the  light  wave  electric 
field. 

The  permittivity  tensor  has  three  contributions: 


uu  I  ^  .  I  I  n  r  ' 

Hk  =  Sk  "  Hk  "  '^ikj^j- 

The  bulk  permittivity  is  spatially  constant,  the  titanium  induced  contribution  is  a  function  of  depth  only, 
for  planar  waveguides.  The  next  term  describes  the  electrooptic  effect;  R-jkj  is  related  to  Pockel's  tensor. 

The  quasistatic  electric  field  Ei  depends  on  y  because  gratings  are  written  by  depth-dependent  light  intensi¬ 
ties.  In  our  case  it  will  depend  on  z  sinusoidally.  Dynamic  effects,  however,  may  also  cause  a  variation  along 
the  propagation  axis.  There  may  be  a  fluctuating  contribution  to  the  bulk  permittivity  which  can  be  dynamically 
amplified  (holographic  scattering). 

(9)  has  to  be  inserted  into  the  wave  equation  for  the  light  wave  field  e-j. 

The  quasistatic  electric  field  is  generated  by  the  total  charge  density  .  : 


r  ik'^k 


with  i’  +  s,j. 


are  the  static  dielectric  constants,  Jj  is  the  total  electric  charge  current  density.  Let  n  be  the  density 
of  conduction  band  electrons.  By 


e(3c^*  +  2c^ 


we  describe  that  electrons  are  either  bound  or  mobilized.  Charge  is  tragspo 
photovoltaic  effect,  the  latter  being  proportional  to  the  density  of  Fe*^^  c 


orted  by  diffusion,  drift,  or  the 
centers : 
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(12) 


Ji 


e0.k3kn  ^  oP^Ek 


For  the  diffusion  constants  we  may  safely  insert  Einstein's  relation,  and  the  photoconductivity  is  pro¬ 
portional  to  the  conduction  band  electron  density: 


k  T 


ik 


_ 


°ik 


euik  n. 


:i3) 


p^k  is  the  mobility  tensor,  kg  Boltzmann's  constant,  and  T  the  temperature.  The  photovoltaic  constants  .'--k-j 
do  neither  depend  on  the  Fe^'*^  concentration  nor  on  light  intensity.  ^ 

There  is  a  balance  equation  for  the  conduction  band  electrons: 


e  li  -  3^ =  e  n*  (14) 

n*  is  the  production  rate  per  unit  volume  of  conduction  band  electrons.  Electrons  are  mobilized  upon  light 
absorption  by  Fe^'*’  centers  and  trapped  by  Fe^^  centers: 

n*  =  ^ik^^^®i®k  "  ^  ^ 

Having  written  down  all  these  equations  for  the  photorefractive  effect  in  LiNb03:Ti:Fe  we  may  restate  our 
findings:  the  concentration  c^^  in  02)  and  05)  depends  strongly  on  depth.  Its  surface  value  is  roughly  ten 
times  the  bulk  value.  To  establish  a  precise  relationship  between  Ti  concentration  and  was  not  yet  possible, 
but  future  experiments  and  calculations  will  certainly  allow  to  do  so. 
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index  change  ^  6n 


Fig.  1.  Experimental  setup,  schematical ly. 
a)  front  and  b)  top  view. 


Fig.  2.  Erasure  of  the  extraordinary 
refractive  index  pattern  with  homogeneous 
light  in  the  initial  stage  of  illumination. 
The  grating  was  written  by  interfering  TE 
modes . 


Fig.  3.  Averaged  Fe^  concentration  over 
grating  penetration  depth  for  various  TE 
and  TM  modes.  The  sample  has  been  strongly 
oxidized. 
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ABSTRACT 


Four-vjave  mixing  in  the  vicinity  of  sodium  double  is  reported.  The  three  level  system 
allows  collinear  phase-matching.  The  FWM  is  resonantly  seeded  and  enhanced  by  photon 
splitting  process  of  the  laser  photons. 


We  report  on  the  enhancement  of  collinear  nodegenerated  four-wave  mixing  (FWM)  near  the 
sodium  doublet.^  This  enhancement  is  related  to  another  nonlinear  effect  obtained  in 
sodium:  When  an  intense  laser  beam,  blue  detuned  from  the  Dk  line  of  sodium,  propagates  in 
sodium  vapor  at  densities  >10^‘*cm."^  a  forward  coherent  emission  at  frequencv  ug  to  the 
blue  of  the  Dj  transition  is  observed  -  Fig. la.  This  emission  is  attributed  by  us  to 
photon  splitting  of  the  laser  photon,  o,,,  involving  the  magnetic  dipole  -  ^Pi/2 

transition  and  a  Photon  ug  quas iresonan-f  with  ^Pj/2  “  ^Pl /2'tcansition.  ^  ^ 


The  collinear  FWM  occurs,  when  a  second  laser,  “i  -  ,  collinear  with  the  first  on:,  at  u,  , 
is  introduced,  obeying  2uiii  -  +  u)4  ,  Fig.  lb.  This  process  is  described  by  the  suscepti- 

bilitv  and  the  corresponding  gain  is  estimated  by  us  on  the  order  of  10^  cm”'.  It  is 
resonantly  seeded  and  enhanced'bv  the  photon  splitting  process.  Although  collinear  FWM 
process  is  not  possible  in  a  two  level  system,  the  third  level,  ‘^Pi/2  Fhe  sodium  atom, 
relaxes  the  phase-matching  requirements  and  collinear  FWM  becomes  ellov.’cd. 

First  we  describe  brieflv  the  t- .oton  splitting  process.  When  a  high-density  (Tin^^cm  ') 
sodium  vapor  is  illuminated  bv  intense  pulsed  dye  laser  detuned  to  the  blue  of  L2  line, 
saturation,  sel f- fociis inp  and  sel f- trapping  occur.  The  forward  radiation  contains,  apart 
from  a  conical  broad  band  emission  due  to  a  Cherenkov- type  process'*,  a  stimulated  emission 
to  the  blue  of  Di  line  -  Fig. 2.  I'o  counterpart  to  the  "blue  peak"  at  necessary  for 

four-wave  liiixinn  process  is  observed.  The  "blue  peak"  emission  frequency  is  also  independ¬ 
ent  on  the  laser  detuning  A.  Thus  nonlinear  processes,  such  as  stimulated  electronics 
Paman  or  four-wave  mixing,  which  may  ocojr  in'  a  three-level  system,  are  excluded.  Collision 
induced  processes  are  also  excluded  since  no  properties  of  the  "blue  peak"  depends  on  the 
buffer  gas  (Ar)  pressure,  in  the  range  2-20  torr.  This  stimulated  emission  is  due  to 
laser  rhoton  splitting  into  two  photons,  nuas  iresonant  with  W ^ -*  Ml  and  -* 

3Fi/2  El  transition  -  Fig.?.  Eel f- focus inp  determines  the  frequency  of  the  stimulated 
emission  to  the  blue  of  I'l  transition.  Sel  f-1  rat'ijing  is  essential  and  cause  gain  on  the 
order  of  lE^cm  '  at  ug.^’*  This  seeds  and  enhances  the  collinear  FWM.  In  fact  the  measured 
gain  of  the  FWM  at  wg  is  on  the  order  of  1 0  - 1 0  ^cm” '  as  shown  below. 

The  energy  and  momentum  con:;ervation  laws  in  the  i:arametric  FWM  proceu.s  for  collinear 
propagating  waves  are  given  by 

2  OJ  [  =  U!'  -1  +  e  i. 

(1 ) 

2  nCoj.)  =  oi^nCi'-^)  +  4'.  i,n('jut.) 

here  u;  |  ,  uj  3  ,  i.u.  are  the  frequencies  of  the  pumping  laser,  the  signal  and  the  idler  '  uj 
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respectively;  nCu.)  is  the  index  of  refraction  at  frequency  Fig.  4  shows  several  FWM 

processes  in  a  three-level  atom. 

In  a  two  level  system,  for  a  finite  laser  detuning  from  transition  A=UL-<i)0t0,  the  system 
of  (1)  has  a  solution  only  for  the  degenerate  case,_i.e.,  for  the  case  where  3=“4  •  The 

situation  is  different  when  a  third  level,  such  as  in  the  case  of  the  doublet  system  of  an 
alakli  metal,  is  introduced.  Here  the  third  level  relaxes  the  phase  matching  requirements. 
The  FWM  process  is  described  by  the  nonlinear  susceptib_lity  ■ 

The  corresponding  gain  of  g  of  the  exponentially  growing  coupled  waves  U3  and  014  in  the 
case  of  exact  phase-matching  (Ak  =  0)  and  absence  of  losses  is^: 

g  =  2ir/c  (1434)1,)^  (2) 


where  El  is  the  amplitude  of  the  pumping  lasr  field.  For  conditions  typical  for  our  experi¬ 
ments,  M  =  Sxin^^Qjj,  3^  A4,  =0)  r  -  -  10cm“T,  4j4-((i[3  =  2cm~^  ,  E^  =  300esu  (I^  *  lOMw/cm^),  we 

obtain  from  ea .  (2  and  3)  x^^^=  in“**esu  and  g  -  5x10^  cm“^.  For  comparison,  a  gain  of 
5x10**  cm“^  was  calculated  for  a  noncollinear  FWM  process  observed  in  sodium  for  laser  in¬ 
tensities  of  '1  Gw/cm^.^ 

To  perform  the  FWM  experiment  we  used  sodium  vapor  with  a  density  of  10 ^ ^-10 ^ ®cm~ ^  pro¬ 
duced  in  a  20  cm  long  heat  pipe.  A  Hansch-type  pulsed  dye  lasei-  with  a  beam  splitter  after 


the  telescope  and  two  gratings  produced  radiation  at  two  independently  tuned  wavelengths. 
Each  spectral  component  had  a  bandwidth  of  0.6  cm“*  and  peak  power  of  3-5  kW.  The  pulse 


duration  was  15  nsec.  By  blocking  one  of  the  gratings  the  lager  produced  * lOkW  peak  power 
pulses  at  a  single  wavelength.  The  laser  radiation  was  focused  into  the  heat  pipe.  The 
forward  emitted  radiation  spectrum  was  measured  by  1.2  cm“ ^  resolution  McPhearson  218 


spectrometer.  An  on-axis  aperture  blocked  the  conical  emission.  The  experiments  were  per¬ 
formed  with  the  laser  blue  detuned  with  respect  to  D2  transition,  i.e.  at  conditions  of 
self-focusing.  The  laser  intensity  in  the  focal  spot  is  estimated  to  be  10  MW/cm^. 

When  the  exciting  laser  radiation  wlj  is  blue  detuned  with  respect  to  the  transition, 
a  coherent  stimulated  forward  emission  is  observed  (Fig.  la)  as  discussed  above.  When  a 


second  laser  line,  ulj  (the  signal,  uj),  collinear  with  the  first  one  is  introduced,  a  FWM 
obeying  =  ui,  1114  occurs  (Fig.  lb).  Here  an  enhancement  of  the  on-axis  emission  at 

log  is  obtained  when  the  frequency  0^2  is  such  that  the  on-axis  fourth  photon  014  is  re¬ 
sonant  with  (jg  (Fig.  lb).  This  enhancement  is  achieved  in  spite  of  the  reduction  of  the 
laser  Lj  intensity,  which  occurs  due  to  gain  competition  by  the  laser  I2  within  a  common 
dve  cell.  For  frequencies  of  laser  L2  such  that  4)4  =  201^2  is  different  from  ug  the  rWM  is 
not  observed  (Fig.  Ic) ,  possibly  due  to  a  too  small  gain  when  FWM  is  acting  alone.  However 
by  tuning  the  other  laser,  4)[_  ,  such  that  the  condition  4)4=a)g  is  restored,  an  enhancement 
of  emission  wg  (the  frequency 'of  which  is  practically  constant,  as  mentioned  above)  is 
obtained  anev;  (Fig.  Id).  When  the  frequency  of  the  laser  L2  was  tuned  in  the  region  of  Ug, 
with  the  same  conditions  as  those  used  to  obtain  the  spectrum  of  Fig.  la,  no  idler  at 
frequencv  =  2u)[_j-oog2  is  observed.  However,  this  result  may  be  due  to  high  absorption  of 

the  laser  radiation  by  the  D;  transition,  which  mav  render  laser  intensity  to  be  too 

small  for  a  nonlinear  process  to  occur. 


> 


The  collinear  FWM  is  observed  only  when  the  idler  frequency  (04)  within  the  spectral 
bandwidth  of  the  emission  ug.  We  conclude  that  the  enhancement  is  due  to  the  existence  of 
a  high  gain  at  ug. 

A  more  extensive  description  of  the  FWM  process  should  be  made  by  taking  into  account  the 
saturation  of  the  index  of  refraction  and  the  shift  of  the  levels  of  the  three  level  system 
due  to  an  ac  Stark  effect.  However,  for  our  experimental  conditions  (laser  detuning  from 
D2  line  10-13  cm  '  and  1^  «  lOW/cm^)  the  Stark  shift  6  of  the  D2  transition  levels  is  quite 
small:  6  (q  '  -  Aio)  /  2  fa  Icin-'.  Here  n '  is  the  generalized  Rabi  frequency.  The  ac  Stark  effect 
on  the  Dj  line  is,  obviously,  much  smaller. 

In  conclusion,  we  have  observed  nondegenerate  collinear  FWM  by  a  three-level  system  in 
the  vicinity  of  the  sodium  boublet.  The  third  level  provides  the  compensating  dispersion 
and  relaxes  the  phase  matching  requirements  for  a  collinear  process.  The  FWM  is  selectively 
enhanced  by  a  high  gain  on  the  blue  side  of  the  Di  transition,  ^e  hope,  that  the  present 
work  will  stimulate  research  on  both  nondegenerate  FWM  by  a  three-level  system  and  its 
relation  to  the  emission  near  the  Di  transition  of  sodium  and  other  alkali  atoms. 
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Fig.l 


D1  D2 


cu 


Spectrograph  trace  of  the  on-axis  forward  emission.  Wg  and  and  ug.  are 

("see  text).  [Na]  =  cm”  ^ .  The  Ne  588. 2nm  line  is  for  calibration. 

The  jump  to  the  left  of  Dj  is  a  scale  change  of  the  recorder. 

a)  laser  is  on  and  laser  0)^2  off. 

b)  laser  111^2  •  “L2"“Li”“L1  *“B'  Enhancement  of  wg  is  seen. 

c)  the  same  as  b)  ,  but  Eias  been  moved  to  the  red;  no  enhancement  of 

d)  the  same  as  c),  but  has  been  shifted  to  reestablish  1  “B 

enhancement  of  log  appears  again. 


marked 


Bis  seen, 
and 
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D2  cUi 


Fig.  2  Spectrum  of  forward  emission  of  sodium  by  laser  at  mj 


[Na]  =  cm- ^ . 


3^, 


EH  E 


Fig.  3  Laser  photon  solitting  by  Ml  and  El  transition.  The  broken  line  represents 
defocused  emission. 
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Fip.  4a-c  Scnemes  of  nondegenerate  parametric  four  wave  mixing  in  a  sodium  atom. 

uiL,  U3  and  u,,  are  the  laser,  the  signal  and  the  idler  frequencies, 
respectively;  a  is  the  fine  structure  splitting  and  A  -  the  laser  detuning. 

a)  FWM  on  two  of  the  levels,  32p3/2  and  l^Fi/2 

b)  F.'JM  when  the  third  level,  3^Pi/2  is  also  involved. 

c)  Phase  matching  for  a  collinear  ^^/M  sets  the  frequencv  of  wu  to  the  blue 
of  Di  transition.  Mote  the  shift  between  the  lowest  virtual  levels  of 
Fig.  lb  and  Ic  by  an  amount  e<iual  to  the  detuning  of  uj4  from  the  h; 
transition . 


652 


Phase-conjugation  using  Nd : YAG-lasers 


H  .  -  J  . 

Optisches  Institut, 


Eichler,  Chen  Jun,  K.  Richter 
Technische  Universitat,  D-1000  Berlin  12 


Abstract 

Phase  conjugation  has  been  investigated  with  1 5  ns  pulsed  Nd : YAG-lasers  by  degenerate 
four-wave  mixing  in  silicon  and  by  stimulated  Brillouin  scattering  (SBS)  in  acetone. 
Reflectivities  of  125%  by  four-wave  mixing  and  80%  by  SBS  have  been  obtained.  With 
the  phase  conjugate  SBS-mirror  a  laser  has  been  built  which  compensates  for  phase 
aberrations  inside  the  laser  resonator. 


Phase  conjugation  is  a  process  which  transforms  an  incident  optical  wave  into  a  counter- 
propagating,  reflected  wave  /I/.  Mathematically  in  complex  notation,  the  reversed  wave 
amplitude  is  described  as  the  complex  conjugate  of  the  incident  wave.  In  this  paper  two 
nonlinear  optical  effects  are  described  which  produce  conjuated  waves,  degenerate 
four-wave  mixing  in  silicon  and  stimulated  backscattering  in  various  liquids. 

The  phase-conjuated,  reversed  wave  is  useful  to  compensate  phase  aberrations  in  optical 
systems  which  may  be  due  to  turbulence,  vibration,  heating  etc.  As  an  example  for  such 
an  application  we  describe  a  pulsed  Nd:YAG-laser  which  is  Q-switched  by  a  stimulated 
scattering  cell  replacing  one  resonator  mirror. 

1.  Phase  conjugation  by  four-wave  mixing  in  silicon 

A  laser  beam  with  1.06  um  wavelength  and  a  duration  fo  15  ns  is  split  into  three  parts 
(Fig.  1)  .  The  signal  beam  Esig  and  one  of  the  pump  beams  Ep-|  produce  a  spatially  periodic 
electron-hole  density,  which  changes  the  refractive  index,  resulting  in  a  phase  grating 
/2/.  The  second  pump  beam  En2  is  diffracted  at  the  grating.  The  first-order  diffracted 
beam  Epj^  is  phase  conjugated  with  respect  to  the  signal  wave.  The  reflectivity  of  this 
phase  conjugating  arrangement  PCM  has  been  obtained  by  measuring  the  pulse  energy  ratio 
of  the  signal  and  the  reflected,  phase  conjugated  beam. 

In  Fig.  1  the  measured  reflectivities  are  shown  as  a  function  of  the  average  pump  energy 
density  vEp^E^.  The  silicon  sample  is  antireflection  coated  and  has  a  thickness  of  400ym. 
The  solid  curves  show  the  theoretical  results  calculated  from  grating  theory  /3/.  Phase 
conjugation  can  be  demonstrated  by  placing  an  object  with  a  phase  aberration  into  the 
signal  beam.  Unlike  a  normal  mirror,  the  beam  reflected  from  a  PCM,  regains  the  initial 
profile  after  passing  the  phase  distortion  again. 

2.  Phase  conjugation  by  stimulated  scattering 

Stimulated  scattering  starts  from  the  spontaneous  fluctuations  of  pressure  (sound  waves 
in  Brillouin  scattering)  or  temperature  (Rayleigh  scattering)  which  can  be  expanded  into 
Fourier-components  with  all  possible  spatial  periods  and  directions.  The  incident  light 
is  diffracted  or  scattered  by  these  elementary  phase  gratings.  The  interfering  incident 
and  scattered  waves  couple  to  the  material  and  enhance  the  spontaneous  fluctuations  if 
the  incident  wave  is  coherent  and  has  sufficient  power.  The  scattered  intensity  increases 
and  may  become  comparable  with  the  incident  intensity.  The  strongest  enhancement  of  the 
scattered  intensity  occurs  for  the  largest  interaction  length  and  is  observed  in  the 
backward  direction  in  our  experiment.  The  backward  wave  appears  to  be  phase  conjugated 
similarly  as  in  four-wave  mixing.  However,  stimulated  scattering  is  more  convenient  since 
no  additional  pump  waves  are  required.  On  the  other  side,  higher  PCM  reflectivities  are 
possible  by  four-wave  mixing. 

The  measured  reflectivity  of  a  stimulated  scattering  PCM  is  sliown  in  Fig.  2  for  two  liquids. 
The  results  were  obtained  by  focusing  Nd:YAG-laser  beams  into  liquid  cells  with  10  cm 
length.  In  Table  1  the  measured  thresholds  for  stimulated  backscattering  in  various 
liquids  are  given.  The  scattering  mechanism  has  not  been  investigated  in  detail.  It  is 
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generally  assumed,  however,  that  stimulated  Brillouin  scattering  dominates.  Self- 
focusing  seems  to  be  important. 

3.  Laser  with  phase  conjugating  mirror  (PCM) 

High  average  power  Nd : YAG-lasers  suffer  from  beam  distortions  due  to  thermal  lensing  in 
the  active  material.  It  is  hoped  that  the  performance  of  such  lasers  can  be  improvea  by 
compensating  internal  phase  distortions  using  a  PCM.  A  pulsed  Nd:YAG-laser  (Fig.  3)  has 
been  set  up  to  investigate  the  properties  of  such  a  laser  and  some  prelimenary  results 
have  been  obtained.  A  Nd:YAG-rod  with  2  1/4"  x  1/4"  dimensions  was  pumped  by  a  flashlamp. 
Mirrors  M-]  and  M2  are  plane  and  have  reflectivities  of  40%  and  100%.  Initially  the  cavity 
with  60  cm  length  formed  by  these  mirrors  is  very  lossy  due  to  the  presence  of  the  liquid 
cells.  The  laser  starts  in  normal  mode  operation.  The  standing  wave  in  the  cell  excites 
a  reflecting  grating  stimulating  efficient  backward  scattering.  Since  the  reflectivity 
of  this  PCM  device  increases  with  the  incident  beam  intensity,  the  laser  is  Q-switched 
/4/.  A  pulse  with  less  than  10  ns  duration  and  130  mJ  energy  is  emitted  (Fig.  3) .  About 
the  same  energy  is  obtained  replacing  the  PCM  by  a  R  =  40%  mirror. 

Internal  distortion  elimination  of  such  a  laser  was  proved  by  insertion  of  an  etched 
glass  plate  into  the  cavity.  Fig.  4  shows  measured  beam  profiles  of  the  laser  with  the 
phase-conjugating  SBS-mirror  and  for  comparison  also  of  a  laser  with  conventional  mirrors. 
If  we  insert  the  scattering  glass  plate  into  the  conventional  resonator,  the  emitted  laser 
beam  profile  is  strongly  distorted  and  the  output  energy  reduced.  The  beam  becomes  diver¬ 
gent.  In  contrast,  phase  disturbances  are  eliminated  in  the  laser  with  the 
PCM.  Insertion  of  the  etched  glass  plate  leads  to  reduction  of  the  laser  energy  but  the 
nearly  Gaussian  beam  profile  is  maintained. 
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Fig.  1  DFWM  reflectivity  of  silicon  dependent  on  tlie  average  piimpi  energy  density. 
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LASER  BEAM  PROFILE 

Conventional  resenotor 
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Fig.  4  Laser  Beam  Profiles  of  fh-  convcntio,.al  laser  ai.u  of  the  laser  with  uhe  paase 
conjugating  SBS-mirror 


Table  1 :  Threshold  of  stimulated  backscattering  in  various  liquids 


threshold 

CSj 

acetone 

heptane 

methanol 

water 

GW/cm^ 

2.3 

2.6 

4.3 

9 

13 

mj 

6 

7 

12 

24 

3‘i 
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STIMULATED  SCATTERING  OF  RADIATION 
WITH  INCOMPLETE  SPECKLE  MODULATION 


M.A.Beedle  and  R.J.  Lysiak 
Texas  Christian  University,  Fort  Worth,  Texas  76129 

A  theoretical  calculation  of  the  stimulated  scattering  of  a  laser  beam 
composed  of  a  gaussian  component  and  a  speckle  part  incident  inside  a 
nonlinear  cell  when  these  two  parts  have  equal  waists  is  presented.  The 
intensity  fraction  of  each  component  that  is  backscattered  is  dependant  on  the 
corresponding  incident  intensity  ratio.  For  high  incident  speckle  ratio  the 
dependence  is  linear,  however,  at  a  ratio  of  . 9  or  lower  the  speckle 
component  predominates  and  three  different  domains  are  identified  with  vastly 
different  dependence  of  the  output  ratio  to  the  input  ratio.  At  low  speckle 
ratios,  the  speckle  portion  will  be  preferentially  amplified  by  a  factor  of 
900.  This  behavior  is  in  accordance  with  previous  experimental  results  dating 
as  back  far  as  1972.  Also,  a  general  discussion  of  the  saturation  power 
required  by  a  partially  speckled  beams  is  presented  and  recommendations  for 
optimum  conjugation  via  SS  are  presented. 

I.  Introduction. 

I.  After  B.  Y.  Zeldovich  et  al  first  discovered  phase  conjugation  by 
stimulated  scattering  [1]  his  results  showed  conjugation  had  much  better 
quality  for  fully  speckled  beams  than  for  the  scattering  of  the  unperturbed 
multimode  intensity.  It  was  since  then  understood  that  the  scattering  of 
speckled  fields  was  important  to  understand  this  behavior.  Consider  now  the 
following  setup  in  which  phase  conjugation  by  SBS  (Stimulated  Brillouin 
Scattering)  is  implemented.  See  figure  1.  This  setup  in  general,  will  involve 
a  combination  of  non-speckled ,  and  speckled  parts.  For  the  purpose  of  many 
applications  this  is  convenient,  while  in  some  other  cases  this  speckled 
portion  is  undesirable  noise.  Our  first  discussion  is  a  continuation  of  the 
theoretical  work  exposed  by  Zeldovich  in  reference  [2] ,  where  the  SSRISM  is 
limited  to  a  confocal  system  where  the  waists  of  the  speckled  and  non-speckled 
parts  completely  overlap.  See  figure  1.  For  this  reason  we  prefer  to  only 
outline  the  procedure  of  this  first  part,  and  concentrate  in  the  discussion  of 
the  results. 


rlij.  1  ij'pical  experimental  setup  for  SSRISM. 
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II.  Theory 

SSRISM  (Stimulated  Scattering  of  Radiation  with  Incomplete  Speckle  Modulation) 
,  is  the  Stimulated  Scattering  of  a  pump  beam  that  is  partially  speckled. 

This  implies  that  in  general  the  backscattered  radiation  will  be  also 
partially  speckled.  SSRISM  is  of  particular  interest  because  this  is  the  way 
in  which  most  Stimulated  Scattering  processes  take  place.  In  any  application 
or  study  of  OPC  (Optical  Phase  Conjugation)  there  will  be  some  noise 
involved,  thus  the  beam  will  be  in  general  a  combination  of  speckled  and 
non-speckled  portions.  In  the  SVEA  (Slowly  Varying  Envelope  Approximation) 
the  equations  describing  SBS  (Stimulated  Brullouin  Scattering)  when  we  have 
normal  incident  plane  polarized  plane  waves  and  only  backscattering  is 
considered  are  (pump  depletion  and  other  nonlinear  terms  are  neglected) : 


aEj  1 

1  a)  — i  +  -  vi  ET(r,z)  =  0 

az  2kj.  ^ 


aEn  1  , 

1  b)  — y - Vf.  En(r,z)  =  l/2G|ET(r,z)  |^Eo(r,z)  . 

az  2kQ  1  o 

Where  Ej  and  Eq  are  the  pump  and  backscattered  waves  respectively. 


Let  the  pump  field  consist  of  a  constant  plane  wave  and  a  speckle  part: 


2 


a) 


3j(r,2)  =  Ejg3+  Eigp(r,z) 


Assume  that  the  backscattered  wave  is  a  spatial  superposition  of  the  conjugate 
incident  beam  parts: 


b) 


EQ(r,z)  = 


^I'^’^lga 


^z‘^>Ejgp(r,z) 


where  Ejp^,  and  Ej^p  are  the  incident  plane  wave  and  speckled  parts 

respectively.  Define  the  ratios  of  incident  and  backscattered  speckled 
intensity  as: 


<I  = 


^Isp 


^I , total 


"Iga  I 


+  <  IE 


Isp  ' 


658 


-3- 


b) 


Osp 


<  IE, 


‘■Q,  total 


Osp 


l^> 


IE, 


Oga  I 


+  <  IE, 


Osp ' 


Even  though  the  backscattered  wave  has  correlated  and  uncorrelated  waves 
with  respect  to  the  pump,  we  consider  here  correlated  backscattered  waves 
with  the  pump  of  the  kind  of  equation  2  b.  In  that  case  we  obtain  a  system 
of  equations  for  the  spatial  coefficients  a^lz)  and  a^lz)  after  we  average 

over  the  ensamble  of  speckle  field  in  equations  1  a,b. 

^  ^  GIj(  a  +  {a  ) 

dz  2  ^  ‘  * 

4b)  da  1 

— ^  GI,(  tl-(]a,  +  [l+f]a,  ) 

dz  2  ‘  ^ 


When  we  solve  for  this  coefficients  and  incorporate  them  back  into 
equations  1  a,b;  we  may  obtain  the  backscattered  speckle  intensity  ratio  in 
terms  of  the  pump  speckle  ratio  intensity,  the  gain  coefficients  and  z. 


5  a) 


^0  ° 


with: 


b) 


K  =  ^ 


-  r_e' 

-  rte^ 


5 


c) 


R  =  -GIjZ< [  r+-l/2 


7+-1/2  ] 
l+{ 


(The  motivation  for  equating  GIjZ  with  60/(l+^)  will  be  apparent  shortly). 


5  d)  and,  7+  =  1/2  +[  l/(-3/4  ]  . 


Several  plots  of  this  function  of  the 
backscattered  speckle  intensity  ratio 
behavior  over  the  entire  range  0  <  {j 


pump  speckle  intensity  ratio  to  the 
are  given  below.  Figures  2  show  its 
<  1,  where  we  identify  3  domains: 
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INPUT  INTENSITY  RATIO 


2  a) 


plot  COmPAPEQ  to  f  Ixl  -  1000  X 


behavior  of  the  output  spectlo  ratio 
loss  than  10-6  is  giv^^  ^  speckle  ratic 


-4- 


10~^  >  (  ,  where  the  dependance  is  linear' 

10~’  <  ?  <  10”^,  a  high  gain  region;  and 

10~^  <  (  <  1 ,  an  almost  linear  region  where  the  output  speckle 
part  is  of  the  same  order  of  magnitude  of  that 
of  the  pump  beam. 

This  is  an  interesting  result,  because  enables  one  to  determine  the  speckled 
backscattered  portion  from  the  pump  speckled  ratio  and  the  initial  conditions. 
Thus  it  can  be  used  as  a  measure  of  the  conjugation  quality.  When  we  analize 

the  limit  f  ^  0  {(  <  10”®),  we  find  that  the  output  speckle  intensity  ratio  {q 

has  an  approximately  linear  behavior  with  respect  to  the  pump  speckle 
intensity  ratio  ij.  Namely: 

6  )  (q  ■  900{j.  . 

This  implies  that  for  low  incident  speckle  portions,  the  speckle  part  will  be 
amplified  significantly.  Recall  that  the  Zeldovich's  original  experiments 
showed  that  a  speckled  beam  had  much  better  conjugation  than  his  undisturbed 
multimode  ruby  laser.  In  the  light  of  this  discussion  this  can  be  understood 
by  assuming  that  his  multimode  beam  had  a  little  speckled  portion.  That  is 
the  interacting  multimodes  had  the  same  effect  as  a  partially  speckled  beam 
with  small  therefore  the  backscattered  speckled  ratio,  had  to  be 

amplified.  Since  the  speckled  portions  were  not  measured  in  these  experiments 
we  cannot  compare  our  theoretical  results  with  them,  and  although  we  expect  a 
similar  qualitative  behavior,  there  may  be  some  departure  from  these  results 
since  the  condition  of  overlapping  waists  for  the  speckeled  and  non-speckled 
portions  was  not  guaranteed. 

We  intend  to  do  experiments  at  TCU  to  show  if  this  behavior  is  as  predicted 
by  the  above  discussion.  We  know  the  approximation  of  plane  waves  should  be 
valid  at  the  focal  region  of  a  long  focal  lenght  converging  lens,  and  although 
more  general  treatment  should  include  focusing,  pump  depletion,  self 
focusing,  as  well  as  a  more  accurate  accounting  of  the  statistics,  the  general 
experimental  behavior  should  be  very  similar  to  the  above  discussion,  as  long 
as  the  waists  overlap  completely. 


661 


-5- 


We  direct  now  our  interest  towards  the  power  requirements  of  SSRISM,  in  the 
case  of  a  confocal  system  like  in  figure  1.  The  calculation  of  the  saturation 
power  requires  the  definition  of  the  focused  beams.  We  will  assume  a 
gaussian  envelope  for  the  speckled  beam,  (i.e.  a  double  gaussian) . 


7  a) 

7  b) 
with : 
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Where  "w^",  are  the  waists;  ”z^",  are  the  waist  lenghts;  are  the  focal 
lenghts,  and  "9^"  are  the  divergences  of  the  speckled  and  unspeckled  parts. 

We  also  know  that  to  atain  saturation  at  the  center  of  the  beam,  or  the 
minimum  saturation  power  is  (i.e.  for  higher  power  than  that  concentric 
circles  of  the  beam  would  also  atain  saturation) : 


8) 


0  ^b 
z 


GIj(max)dz  = 


Glj(0,z)dz  ■  30 


'a  a 

We  assume  there  is  no  correlation  for  the  the  speckled  and  unspeckled  beams: 


<^sp®^ga>  =  °  '  therefore  Ij  =  Isp(r,z)  + 


S A  TI  ■  RATIO POWER  VS.  SPECKLED  PORTIOK 
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The  saturation  then  is  given  as  a  function  of  the  experimental  conditions  and 
the  input  speckled  ratio  after  integration  of  equation  8: 


10) 


Po(?)  = 


^  ^ga^sp”sp^*^oga*  ^^sp®ga"ga^  *  ^  osp  *  ^  ^ 


Where  is: 

11)  KZp^)  =  artan(2)^/z^j^)  -  arctan(Z3/Zj^)  . 

This  expression  above  guarantees  that  the  maximum  intensity  of  the  beam  will 
achieve  saturation,  to  guarantee  that  that  a  region  enclosed  by  a  certain 

radius  {for  example  the  radius  that  defines  the  1/2,  1/e,  or  the  1/e^  points 
from  maximum  intensity)  achieves  saturation,  the  above  expression  needs  to  be 

multipied  by  the  factors:  2,  e,  e^. 

To  compare  this  result  with  experimental  conditions  let  us  assume  typical 
experimental  conditions.  Assume  equal  incident  beam  sizes  for  the  gaussian 
and  speckled  portions  equal  to  1cm.,  allow  the  gaussian  mode  to  have  a 

diffraction  limited  divergence  (‘ 2x10“ ’rad . )  and  a  2  mrad.  phase  plate,  let 
the  focal  lenght  of  both  beams  equal  to  Im. ,  also  assume  the  nonlinear  medium 
is  carbon  disulfide  pumped  with  ruby  laser  radiation  i.e.  G=.15  cm/MW  in  a 
long  Cell  (much  greater  than  the  diffraction  lenghts  of  both  components) . 

Then  the  saturation  power  is  found  as  a  function  of  the  incident  speckled 
portion  (  (see  figure  3): 

12)  P  (()  = - IMWL- - . 

"  100(l-()  +  2( 

And  for  the  extreme  cases  where  (=  0,1  this  yields: 

P^j(0)=4KW  P^(1)  =  .2MW 

Although  exper ii.cnts  under  controled  conditions  have  not  been  done  explicitly 
this  results  are  in  the  order  of  typical  experimenatal  values  see  for  example 
Mays  and  Lysiak  [3]  and,  Kryzhanovskii  [41,  v  .are  should  be  taken  to  compare 
these  results  with  interacting  cells  of  large  dimensions).  From  a  practical 
point  of  view,  the  operating  points  to  achieve  optimal  conjugation,  (i..  . 
maximum  backscattered  radiation  with  optimized  quality)  are  implied  above.  If 
one  whishes  to  conjugate  a  signal  with  power  less  than  that  of  what  a  fully 
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Fig  4)  Power  requirements  for  partially  speckled  beams. 


speckled  beam  requires,  one  should  be  careful  in  choosing  tne  amount  or 
speckling  required.  In  general  to  obtain  maximum  backscattered  radiation  one 
should  operate  in  the  saturation  region. 

For  low  power  signals  it  is  convenient  to  conjugate  an  unspeckled  beam  since 
they  require  less  power  to  achieve  saturation,  however  most  sources  of 
radiation  within  that  power  range  operate  in  a  multimode  condition,  and  there 
are  always  sources  of  noise  within  the  experimenatal  setup,  therefore  implying 
that  the  conjugation  would  be  of  less  than  desired  quality  according  to  the 
above  discussion  of  partially  speckled  beams,  unless  the  beam  is  a  completely 
"clean"  Gaussian  mode.  To  do  so  one  would  use  a  spatial  filter  (therefore 
decreasing  even  more  the  power).  So  unless  one  cleans  t.he  beam  to  a  very  high 
degree  and  still  has  enough  power  to  guarantee  saturation  it  is  inconvenient 
to  filter  the  speckle  portions  on  a  beam.  In  the  event  that  the  power  is 
greater  than  that  of  the  saturation  power  of  a  a  totally  speckled  beam,  one 
should  speckle  the  beam  completely,  obtaining  both  highest  quality  ana 
maximum  backscattered  radiation. 
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Abstract 


Improvement  of  the  beam  quality  of  the  flashlamp  pumped  dye  laser  presents  an  important 
problem  for  the  Array.  The  effort  addressed  here  consisted  of  the  design  and  development  of 
r e t r ore f lec t o r s  for  use  as  cavity  mirrors  in  the  subject  dye  laser.  A  r e t ror e f 1 ec t o r 
array  that  was  tested  with  the  data  presented  here  showed  promise  that  a  re t ro ref lec t o r 
array  could  significantly  improve  the  beam  quality  of  the  dye  laser.  Reflectivity  better 
than  90%  is  possible  providing  the  possibility  of  a  high  cavity  gain.  Fabrication 
techniques  were  developed  that  provided  for  high  quality  production  at  a  reasonable  cost. 


1 .  introduction 

Improvement  of  the  beam  quality  is  a  critical  issue  for  the  flashlamp  pumped  dye  lasers. 
Conditions  that  result  in  index  of  refraction  variations  in  thf  lasing  medium  induce 
optical  phase  front  distortions  that  produce  a  degradation  in  beam  quality.  A  methodology 
that  helps  in  removing  phase  front  distortions  will  resuit  in  beam  quality  improvement. 
Phase  compensation  is  one  such  methodology  that  appears  to  have  great  promise  in  this 
application. 

Phase  variations  are  exhibited  as  beam  intensity  fluctuations  as  well  as  beam  spreading 
and  bending.  Among  other  effects,  they  result  from  the  interaction  of  laser  dynamics 
effects,  laser  cavity  path  media  conditions,  operational  mode  of  the  laser,  and  wave¬ 
length.  Phase  variations  may  be  compensated  for  by  use  of  adaptive  optics  techniques, 
nonlinear  phase  conjugation  or  pseudo-phase  con jugation[ 1 ] ,  Adaptive  optics  utilizes 
segmented  optics  or  deformable  mirrors  which  require  numerous  actuators  and/or  optical 
segments  with  a  complex  electronic  control  system.  Nonlinear  phase  conjugation  requires  a 
somewhat  less  complex  electronic  system  than  that  of  adaptive  optics  yet  it  still  requires 
the  alignment  of  a  number  of  electro-optic  components.  The  method  investigated  here 
requires  only  one  optical  component  and  essentially  no  alignment.  In  this  effort  we 
examined  a  r e t r ore f lec t or  used  as  a  pseudo-phase  conjugator. 

The  related  effort  included  the  design  and  development  methodology  of  a  retroref lector 
pseudo-phase  conjugator  suitable  for  use  in  a  flashlamp  pumped  dye  laser.  This  included 
examination  of  techniques  for  design  and  fabrication  of  an  array  of  corner  cube  reflectors 
as  well  as  right  circular  cones.  Additional  laboratory  experiments  were  performed  with 
Reflexite  to  determine  its  retroreflecror  characteristics  as  well  as  evaluate  cavity 
performance.  Evaluation  of  r e t ror e f 1 ec tor  performance  to  improve  beam  quality  has  been 
performed  by  several  other  i n ves t iga t or s [ 2 ,  3,  4]. 


2 .  Types  of  Retroreflectors 

Work  by  other  investigators  have  included  retroreflectors  assembled  from  glass  prisms  as 
well  as  the  commercially  available  material  known  as  Reflexite[2,  3,  4,  5].  Glass  prisms 
work  well  as  a  research  device  for  suitable  wave-lengths;  however,  this  type  of 
retroref lector  requires  a  considerable  amount  of  effort  for  assembly.  The  related  effort 
at  LSI,  Inc.  concentrated  on  types  of  retroreflectors  which  could  be  produced  in  large 
quantities  and  at  a  cost  comparable  with  that  of  a  high  quality  laser  cavity  mirror.  A 
commercially  available  product  produced  by  Reflexite  Corporation  is  made  in  a  variety  of 
forms  which  include  imprinting  an  array  of  corner  cubes  in  plastic  with  or  without  a 
reflective  overcoating.  Samples  of  a  electroless  nickel  strip  of  the  material  used  in  the 
replication  process  for  making  Reflexite,  with  a  rhodium  reflective  coating,  obtained  from 
Mr.  Ross  Neilson  of  Reflexite  Corporation  were  examined  in  terms  of  its  suitability  as  a 
retroref lector  in  a  flashlamp  pumped  dye  laser.  The  several  problems  with  this  material 
included  corner  cube  element  size  and  low  effective  reflectivity.  Reflexite  performed  as  a 
diffraction  limited  re t r or e f 1 ec tor ;  however,  at  the  wave-length  of  interest,  the  small 
element  size  resulted  in  divergence  due  to  diffraction  which  was  approximately  four  times 
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F'lGURE  1 


that  of  the  dye  lasers  under  consideration. 
However,  laboratory  experiments  showed 
there  was  considerable  improvement  in  the 
dye  laser  beam  energy  distribution.  The 
rhodium  coated  Keflexite  retro  re  fleeter 
provided  by  Reflexite  Corporation  involved 
two  reflections.  Therefore  1/3  of  the 
incident  light  was  lost.  Although  they 
appeared  bright,  the  reflectivity  of  the 
sides  was  low  giving  a  total  effective 
reflectivity  of  the  array  of  less  than  20%. 
This  reduced  the  overall  efficiency  of  the 
cavity  and  produced  a  low  intensity  output 
laser  beam.  Consequently,  an  effort  was 
initiated  to  design  a  re t r or  a f 1 ec t o r  that 
was  more  suitable  for  use  as  a  cavity 
mirror  in  the  jye  laser  whicli  would  be  more 
compatible  with  large  scale  production  and 
would  have  a  comparable  cost  to  that  of  a 
high  quality  laser  cavity  mirror.  Two 
types  of  r e t r o r ef lec to r s  were  considered; 
an  array  of  corner  cubes  and  one  of  right 
c ircular  cones . 


Uie  Retrxjreflector  Reverses  the  Spatial 
Vectors  But  Does  Not  Reverse  the  Time 


3 .  Retroreflectoi  Representations 

Re t r 0 r e f lec t i ve  arrays  perform  approximate  wave  front  reversal  but  do  not  reverse  the 
time.  One  can  demonstrate[ 4 ,  5]  that  retroref lecti ve  arrays  periorm  a  function  that  is 
approximately  equivalent  to  spatial  phase  conjugation.  However,  there  is  a  significant 
difference  between  retroref lection  and  phase  conjugation;  Figure  1  shows  a  ray  trace  of  the 
reflection  of  an  incident  spherical  wave  and  illustrates  one  aspect  of  the  difference. 
Eacii  segment  of  th<^'  reflective  wave  in  the  subject  Figure  matches  the  tilt  of  the  incident 
wave:  however,  the  center  of  these  segments  propagate  with  the  time  relationship  of  the 
incident  wave.  The  appearances  are  of  a  counter  propagating  wave  equivalent  to  the 
conjugate  wave  except  for  a  phase  factor.  Barrett  and  Jacobs  present  theoretical  argument? 
which  describe  this  behavior[4].  A  separate  derivation  of  this  effect  is  given  by  Vaughn 
[5].  Another  characteristic  of  retroref lection  is  that  each  of  the  segments  expands 
according  to  diffraction  for  that  element’s  geometry,  size,  and  wave-length.  Since 
retroref lection  also  occurs  in  nonlinear  phase  conjugation  a  similar  effect  should  also  be 
present  in  that  case.  With  this  basic  understanding  of  the  characteristics  of 
r e t r or e f lec t or s ,  an  effort  to  design  a  retroref lec tor  for  use  in  the  flashlamp  pumped  dye 
laser  was  initiated. 


4 .  Factors  Considered  in  the  Retro reflector  Design 

Considerations  included  fabrication  techniques  as  well  as  the  development  of  design 
specifications.  A  treatment  of  analysis  methodology  for  the  development  design 
requirements  and  specifications  has  been  given  by  Zel'dovich[7].  The  related  treatment 
included  a  similar  approach  with  enlargement  of  the  technique  utilized  as  reported  in  this 
paper.  The  analysis  included  residual  beam  spread  resulting  from  lateral  ray  shift, 
diffraction  of  elements,  mismatch  of  the  return  wave  on  the  second  pass  due  to  separation 
of  the  retroreflector  from  the  cavity,  the  out  of  plane  angle  for  a  right  circular  cone, 
and  t!io  side  misalignment  angle. 

Definitions  of  the  primary  variable  used  in  this  analysis  are  given  in  Figure  2.  This 
Figure  shows  that  the  angular  mismatch  of  the  return  wave  is  a  function  of  the  wave  front 
tilt  and  the  element's  size.  The  return  wave  is  segmented  according  to  the  array  element 
size  and  results  in  diffraction  spread.  The  diffraction  angle  results  in  a  displacement  of 
the  return  wave  on  the  second  pass  and  an  angular  mismatch  of  the  return  wave  with  respect 
to  the  incident  wave  at  the  cavity  exit. 

Treatment  of  the  right  circular  cone  required  an  additional  consideration.  Optical  rays 
whose  plane  of  incidence  include  a  diameter  of  the  cone  are  r e t r o r e f lec t ed  by  a  conical 
reflector  independent  of  the  angle  of  incidence;  however,  rays  which  do  not  include  a 
diameter  in  the  plane  of  incidence  are  reflected  with  a  small  misalignment  angle.  Finally, 
the  side  misalignment  angle  due  to  manufacturing  tolerances  wrs  determined  so  tliat  the 
array  would  be  essentially  diffraction  limited  by  the  element  size. 
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The  equations  which  were  developed  to 
analyze  the  re t r or ef 1 ec t or  design  are 
summarized  for  convenience  in  Table  1. 
They  were  programmed  on  a  microcomputer  and 
analyses  were  performed  to  cover  the  range 
of  expected  wave  front  tilt  for  the 
flashlamp  pumped  dye  laser.  The  results 
are  presented  in  Figures  3  through  7  and 
cover  the  wave  front  slope  from  1.0  to  9.0 
mi 1 1 irad ians  .  The  analyses  demonstrated 
that  diffraction  and  the  lateral  shift  of 
the  incident  rays  related  to  the  array 
element  size  dominate  the  results,  and  that 
the  retroref lector  distance  L  and  the  out 
of  plane  angle  make  an  insignificant 
contribution  for  the  optical  wave-length 
and  tilt  angle  ranges  of  interest.  The 
data  shown  in  Tables  2  through  6  give  the 
residual  wave  front  tilt  as  a  function  of 
the  array  element  size  and  show  that  for  a 
given  uncorrected  wave  front  tilt  there  is 
a  preferred  element  size.  For  the  wave 
front  tilt  expected  in  the  dye  laser,  the 
best  element  size  is  predicted  to  be  3.0 
mm  • 
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Factors  Considered  in  tlie  Retroref  lector  Design 


Fabrication  design  techniques  were 
planned  with  Optics  Electronics  Corporation 
(OEC)  of  Dallas,  Texas  utilizing  their 
highly  developed  diamond  turning  capability 
and  thick  silicon  film  technology  base,  A 
methodology  was  developed  that  included 
cutting  an  array  of  equilateral  triangular 
pyramids  into  a  copper  substrate, 
depositing  a  thick  silicon  film,  etching 
the  copper  substrate  leaving  a  free 
standing  silicon  wafer  of  corner  cube 
array,  A  gold  coating  was  applied  as  a 
final  measure  to  improve  the  reflectivity. 
The  issues  that  were  to  be  resolved  in  this 
complex  procedure  included  chip  removal  and 
edge  sharpness  of  the  copper  substrate  and 
similar  features  of  the  replicated  silicon 
surfaces.  The  processes  in  either  case 
passed  tests  with  acceptable  quality. 

Several  tests  were  performed  in  the 
laboratory  with  the  silicon  wafer  and  with 
the  electroless  nickel  corner  cube  array 
obtained  at  the  courtesy  of  Reflexite 
Corporation.  The  results  of  these  tests 
are  discussed  in  the  following  sections. 


5.  Reflexite  Tests  and  Characteristics 


Reflexite  consists  of  a  corner  cube 
array  that  has  been  impressed  into  a  number 
of  plastic  materials.  The  element  size  of 
Reflexite  is  .15  mm  with  5  microradian  side 
alignment  error.  Figure  8  s^ows  a 

photomicrograph  of  a  section  of  Reflexite 
embossed  on  plastic  with  a  reflective 
coating.  This  material 
crushed  apices;  however, 
due  to  this  distortion  of 
cells  is  negligible  in 
diffraction.  Experiments 
showed  that  this  material  performed  as  a 
diffraction  limited  r e t r o r e f lec t o r . 


shows  s 1 i gh t 1 y 
the  degradation 
the  ind i vidua  1 
comparison  to 
at  LSI ,  Inc  . 


The  total  beam  spread  was  represented  by  dO: 
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k 

8  optical  wavelength 

X  r  d©  -j 

a© 

:  L  -  —  (see  Figure  2.  ) 

d  ^  dx  -» 

a© 

s  out  of  plane  angle  r  of  incident  ray  due  to  phase 

front  slope  ® 

T  : 

out  of  plane  angle 

B  = 

tan" * ( tan^ ( t) /fg) 

cos(«  )  :  5 <cos  ( B) -Sin ( BM 

^  *  r2/4(tan2{T)cos(2T) ) (sin(B)  ♦  cos(B)) 

5  fsin(2B)  ♦  cos (2B1 ) 

a© 

;  8  -  © 

4 

4 

a© 

8  Side  misalignment  of  retroref lector 

5 

a© 

:  x/iOd  8  30y  radians  for  2n#n  element  size  where 

5 

for  a  right  circular  cone  a©  :  la/2 

Where  90  i  a  :  angle  of  cone^apex. 

TABL-E  1 

P/jtors  Considered  in  tfie  Retroref  lector  Design 


667 


«  Diffraction  Spread 

»  Lateral  Shift  - - - 

»  Total  Beam  Spread  - 

«  Wavelength  =  .  6  Micrometers 
»  Distance  Between  Amplifier 
and  Retroref lector  =  5  cm 


»  Diffraction  Spread - - - 

«  Lateral  Shift  - - - 

«  Total  Beam  Spread  - 

•  Wavelength  =  .6  Micrometers 
«  Distance  Between  Amplifier 
and  Retroref 1 ec tor  :  5  cm 
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»  Diffraction  Spread  — — - 
»  Lateral  Shift  — . 
»  Total  Beam  Spread  ■'  • 
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Figure  9  shows  the  zig-zag  flashlamp 
pumped  dye  laser  in  which  the  Reflexite 
sample  was  tested  as  a  cavity  mirror  and 
Figure  10  shows  the  laser  output  pulse.  An 
electroless  nickel  sample  used  in  the 
fabrication  of  Reflexite  was  used  as  a 
cavity  mirror;  this  sample  had  a  rhodium 
reflective  coating  when  received  from 
Reflexite  Corporation.  As  determined  by 
Duarte[7],  it  has  less  that  20% 
reflectivity.  There  were  several  reasons 
attributed  to  this.  First,  the  array 
geometry  allows  only  two  reflection 
processes  so  that  1/3  of  the  incident  light 
is  lost:  a  second  reason  is  that  the  low 
reflectivity  of  the  rhodium  coating  in  a 
two  reflection  process  gave  less  than  50% 
effective  reflectivity  resulting  in  the 
combined  low  reflectivity  which  reduced  the 
cavity  efficiency  and  the  laser  output. 


retroref lector 
shown 
with 
shown 
that 
with 


was 
i  n 
the 
i  n 
the 
the 
The 
is 


The  rhodium  coated 
placed  in  the  laser  cavity  as 

Figure  11.  The  laser  output 
ret r or ef 1 ec t or  in  the  cavity  is 
Figure  12;  this  Figure  shows 
intensity  is  much  smoother 

retroref lector  than  without, 

elongation  of  the  beam  intensity 
believed  to  be  result  of  the  beam  walking 
across  the  flat  cavity  mirror  since  this 
mirror  was  not  adjusted  after  the 
retroref lector  was  in  place.  Diffractive 
spreading  of  the  beam  due  to  the  element 
size  was  sufficient  to  produce  this  effect. 
The  spreading  was  limited  to  the  vertical 
direction  because  of  the  two  dimensional 
character  of  the  retroref lective  array 

geometry.  These  results  demonstrate  a 
potential  for  improvement  of  the  beam 

quality  of  the  flashlamp  pumped  dye  laser 
using  a  retroref lector .  However,  as  our 

analyses  show  the  retroref lector  must  be 
fabricated  with  the  correct  array  geometry 
and  element  size.  The  results  of  the 
design  and  fabrication  methodology  to  do 
this  is  presented  in  the  next  section. 


6 .  Fabrication  and  Design  Results 

A  retroref lector  design  and  fabrication 
methodology  was  developed  with  OEC .  This 
consisted  of  the  fabrication  of  a  master 
array  of  triangular  pyramids  on  a  copper 
substrate  using  the  highly  developed 
diamond  turning  capability  of  OEC; 
replication  of  this  array  by  depositing  a 
thick  silicon  film  that.  once  separated 
from  the  copper  substrate,  would  stand 
alone.  Separation  of  the  silicon  wafer  was 
obtained  by  etching.  A  gold  coating  was 
applied  to  improve  the  reflectivity  of  the 
array  at  the  dye  laser  wave-length. 

Technology  issues  resolved  in  this  part 
of  the  effort  included:  edge  sharpness  of 
element  of  the  copper  pyramids  cut  using 
the  diamond  turning  process;  edge  sharpness 
of  replicated  elements  of  the  silicon  wafer 
after  separation  by  the  etching  process. 
The  ability  to  apply  a  uniform  gold  coating 
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to  the  resultant  small  corner  cube  elements  appeared  to  be  satisfactory.  The  angles 
between  the  sides  of  the  array  elements  was  not  cut  to  give  the  proper  angle.  Additional 
fabrication  design  methodology  was  developed  to  give  the  necessary  side  tolerances.  This 
methodology  will  be  demonstrated  in  the  next  phase  of  the  effort. 

Figure  13  shows  an  edge  view  of  the  copper  substrate  before  separation  of  the  silicon 
wafer.  A  view  of  the  sharp  edges  replicated  on  the  silicon  wafer  after  separation  from  the 
copper  substrate  is  shown  in  Figure  14.  The  thin  silicon  wafer  needs  to  be  mounted  to  give 
it  additional  strength.  The  final  figure  shows  a  front  view  of  the  free  standing  silicon 
wafer  before  it  was  gold  coated.  The  contours  of  the  diamond  cutting  shows  the  obvious 
improper  side  angles  of  the  individual  elements. 


7 .  Summary 

Tests  with  Reflexite  show  potential  for  use  of  a  retroref lector  as  a  cavity  mirror. 
Problems  with  this  material  are  two  fold:  (1.)  diffractive  spread  due  to  the  small  .15  mm 
element  size  and  (2.)  the  inherently  low  reflectivity.  To  overcome  these  problems,  a 
procedure  has  been  developed  for  analyzing  and  fabricating  retroref lectors  suitable  for  use 
as  a  cavity  mirror  in  the  flashlamp  pumped  dye  laser.  This  procedure  has  been  partially 
proven  and  it  is  anticipated  that  the  next  effort  will  result  in  a  high  quality  array  that 
can  be  produced  in  quantity  at  low  cost. 

Other  methods  may  be  used  to  produce  retroref lectors  at  relatively  low  cost.  An  array 
of  right  circular  cones  has  been  analyzed  and  fabrication  methodologies  have  been  examined. 
It  may  be  more  cost  effective  to  make  an  array  of  right  circular  cones  that  have  optical 
performance  entirely  equivalent  to  that  of  an  array  of  corner  cubes  if  the  beam  divergence 
or  out  of  plane  angle  is  small.  Angles  as  large  as  several  degrees  may  be  acceptable 
depending  on  the  element  (i.e.,  cone)  size.  The  design  effort  for  the  array  of  right 
circular  cones  is  being  continued. 
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Abstract 


This  is  the  first  reported  attempt  at  investigation  of  the  sBs  phenomena  in  mid  IR 
fibers  using  externally  fed  or  laser  self  generated  low  frequency  and  microwave  frequency 
phonon  waves  as  diagnostic  probes  of  such  processes.  The  observation  of  laser  excited 
phonon  emissions  in  the  mid  IR  fiber  and  direct  modulation  of  CO^  laser  pulse  transmission 
by  externally  imposed  low  frequency  radiation  is  the  first  indication  of  the  predicted  low 
sBs  threshold  in  these  fibers  in  the  phonon  rich  mid  IR  spectral  region.  The  prospect  of 
wide  applications  of  the  sBs  process  in  optical  switching,  phase  conjugation  and  ultimately 
optical  computing  and  possible  deleterious  effects  in  mid  IR  laser  heterodyne  spectroscopy, 
sideband  modulation  and  transmitted  power  limitation  is  discussed. 

Introduction 


The  Brillouin  process  involves  scattering  of  light  by  self  excited  acoustic  phonons  in  a 
material  medium,  as  distinct  from  optical -phonon  driven  Raman  scattering.  Since  the  disper¬ 
sion  curve  <-i;(kj  is  virtually  flat  for  optical  phonons  near  the  center  of  the  Brillouin 
zone,  Raman  scattering  is  isotropic  and  exhibits  the  same  Stokes  shift  for  all  scattering 
directions.  On  the  other  hand,  the  linear  dispersion  relation  oj  =  k-v^,  where  v^  is  the 
acoustic  wave  velocity,  for  acoustic  phonons  introduces  an  angular  dependence  to  the  scatt¬ 
ered  wave  frequency  and  eliminates  scattering  in  the  forward  direction.  The  back. scattered 
wave  undergoes  a  frequency  shift  of  the  order  of  30  GHz  for  a  visible  pump  wave  ,  and  in 
the  MHz  and  single  digit  GHz  range  for  the  10.6  yUm  CO,  laser  pump. 

It  has  been  predicted  that  at  low  pump  power  densities,  the  losses  of  an  optical  fiber 
are  determined  by  spontaneous  Raman,  Brillouin  and  Rayleigh  scattering,  absorption  losses 
in  the  core  material,  scattering  at  the  core-cladding  (or  other)  interface  and  mode  conver¬ 
sion  from  low  loss  trapped  modes  to  high-loss  cladding  modes.  At  high  pump  power  densities, 
however,  stimulated  scattering  processes  emerge  within  the  fiber  and  these  are  pump-power 
dependent.  Both  backward  Raman  and  Brillouin  scattering  will  convert  power  in  the  forward 
traveling,  information  carrying  wave,  thus  severely  limiting  the  information  capacity  of 
fiber  communication  links. 

The  sBs  threshold  has  been  computed  to  be  approximately  two  orders  lower  than  the  sRs 
threshold  in  fibers.  However,  this  only  holds  if  the  linewidth  of  the  laser  pump  is  suffi¬ 
ciently  narrow.  The  omnidirectional  property  of  Raman  scattering  can  be  sustained  by  a  much 
broader  pump  linewidth  because  all  component  lines  of  the  pump  drive  the  same  phonons. 
Backward  sBs  require  phase  matching,  and  will  thus  tolerate  only  a  pump  frequency  band 
equal  to  the  linewidth  of  gain  for  a  single  Stokes  wave.  Efficient  sBs  hence  requires 
narrowing  the  laser  pump  linewidth  to  about  100  MHz. 

The  experimentally  observed  low  frequency  emissions  are  confirmation  of  the  dominance  of 
the  sBs  process  over  stimulated  Raman  scattering  (sRs) .  The  existence  of  the  sBs  threshold 
is  based  on  feedback  theory  on  oscillation  and  thus  has  a  finite  value  even  for  lossless 
fibers.  Theoretical  prediction  has  been  made  ^  for  a  drastic  redi’Ction  in  the  laser  pump 
throughput  at  approximately  three  times  the  initial  pump  threshold  for  the  onset  of  backward 
sBs.  With  predicted  threshold  powers  for  visible  glass  fibers  in  the  range  of  35  mW  3  in 
the  sBs  case,  and  considerably  lower  in  mid  IR  fibers,  the  effect  of  sBs  on  laser  transmi¬ 
ssion  through  a  fiber  at  normal  laser  transmitter  power  levels  is  of  great  significance. 

Status  of  sBs  in  Mid  IR  Fibers 

Historically,  polycrystalline  KRS-5  mid  IR  fibers  were  first  reported  in  1977.  However, 
these  early  fiti^s  experienced  progressive  aging,  had  low  power  handling  capability  and  were 
inherently  toxic.  Although  substantial  improvements  have  been  made,  aging  and  toxicity  are 
still  plaguing  these  fibers  so  that  long  haul,  extremely  low  loss  and  nontoxic  KRS-5  fibers 
have  yet  to  emerge  to  satisfy  the  needs  of  the  military,  communication  and  medical  markets. 

Despite  these  setbacks,  predicted  fiber  lo.sses  theoretically  as  low  as  -^10'^  cm'  , 
have  prompted  investigators  to  examine  the  possibility  of  nonlinear  optical  phenomena  in 
the  mid  IR.  Some  work  has  been  reported  at  10.6 /^m  wavelength  in  KRS-5  ,  where  nonlinear 
back  scattering  was  observed  and  identified  to  be  sBs  based  with  a  hybrid,  pulsed  CO,  laser 
with  a  well  tailored  linewidth,  pulsewidth  and  laser  power  level. 

Current  mid  IR  fibers  being  manufactured  are  of  the  silver  halide  type.  Thus,  Asahi  is 
producing  AgCl  fibers  with  loss  below  0.2  dB/m,  and  Sumitomo  has  provided  us  with  such  a 
fiber  and  the  transmission  guaranteed  is  73.51  per  meter  at  10.6  wavelength.  Unfortunate¬ 
ly,  no  commercial  or  development-stage  KRS-5  fibers  are  available.  The  latter  type  of  fibers 
are  preferred,  since  there  is  a  wealth  of  numerical  data  available  on  KRS-5.  The  Sumitomo 
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supplied  data  gave  a  (.vvavelength)  ‘ dependence  of  fiber  loss,  and  is  certainly  encoura¬ 
ging  in  view  of  the  ultimate  dependence  in  the  Rayl eigh- Br i 1 1 ouin  limit.  Our  intention 

is  to  study  the  sBs  phenomena  using  the  silver  halide  fibers. 

The  transparency  band  of  materials  in  the  mid  IR  is  bounded  by  the  shortwave  electronic 
bandgap  absorption  tail,  the  longwave  multiphonon  absorption  tail  and  Rayl e i gh - Br  il 1 ouin 
scattering  with  Brillouin  scattering  dominating  around  the  lO^m  wavelength.  Preliminary 
calculation  indicates  linear  or  passive  Brillouin  scattering  is  a  factor  of  10^  over  the 
other  absorption  mechanisms,  IVe  have  thus  concluded  that  the  mid  IR  region  of  the  spectrum 
is  highly  phonon  active.  Hence,  once  extrinsic  absorption  processes,  such  as  point  defects, 
structural  dislocations  and  grain  boundaries  and  impurities  are  removed,  the  mid  IR  region 
will  be  most  transparent,  and  whatever  scattering  chat  occurs  will  be  phonon  dominant. 

baser  induced  stimulated  Brillouin  or  Raman  scattering  has  been  extensively  investigated 
in  the  visible  and  near  IR  both  in  hulk  materials  and  fibers  due  to  the  abundance  of 
high  power,  narrow  linewidth  tunable  lasers  and  reasonably  low  loss  transparent  materials 
and  fibers  in  this  spectral  region.  However,  as  mentioned  above,  the  visible  spectral 
region  is  not  phonon  dominant  and  is  thus  Judged  not  to  be  optimum  for  the  study  of  phonon 
related  stimulated  scattering.  On  the  other  hand,  by  going  to  longer  wavelengths,  especial¬ 
ly  the  mid  IR,  wc  have  chosen  an  optimum  Brillouin  active  region  where  low  linear  losses 
arc  also  predicted.  These  two  factors  contribute  to  sBs  threshold  being  the  lowest  and  the 
process  should  be  most  easily  observable.  This  prospect  is  further  enhanced  by  guided 
wave  propagation  in  fibers,  where  the  laser  intensity  times  interaction  length  product  is 
1(V  that  in  bulk  materials  with  focused  laser  beam  in  the  visible.  This  factor  will  be 
raised  by  several  orders  when  X  is  increased  by  a  factor  of  20  going  to  the  mid  IR  and 
linear  loss  lowered  by  several  orders.  Thus,  the  usual  megawatt  sBs  threshold  in  bulk 
materials  can  conceivably  be  lowered  to  milliwatt  threshold  in  mid  IR  fibers. 

Phonons  and  Laser  Transmission  and  Reflection  in  Mid  IR  fibers 

The  technique  employed  by  the  authors  of  Ref.  4  for  monitoring  sBs  using  only  the  trans¬ 
mitted  and  reflected  laser  pulse  is  judged  not  to  be  a  definitive  means  of  identifying  sBs. 
Our  extensive  e.xporicnce  in  laser  induced  phonons  in  bulk  material  such  as  quartz  by  a  ruby- 
laser  convinced  us  that  there  is  a  more  direct  way  of  studying  sBs  generation  in  the  mid 
IR.  k  careful  calculation  was  made  using  available  data  foi  the  sBs  induced  phonon  spectra 
of  low  and  high  frequency  phonons  in  KRS-S.  The  low  frequency  phonon  is  very  sensitive  to 
index.of  refraction  variations  of  the  material  medium,  while  the  high  frequency-  phonon  is 
not  .  If  the  fiber  medium  is  dispersive,  then  the  low  frequency-  phonon  frequency  will 
shift  with  laser  pump  wavelength,  thus  facilitating  phonon  detection  by  external  probes. 

The  first  conclusive  indication  of  CO2  laser  induced  phonon  emission  in  the  1  meter 
Sumitomo  silver  halide  fiber  was  the  observation  of  2  MHz  emission  near  the  exit  end  of 
the  fiber  as  recorded  in  Fig.  1  on  the  spectrum  analyzer.  The  multiple  lines  reflect  random 
frequency  shifts  of  the  laser  pump,  leading  to  corresponding  frequency-  shifts  in  the  phonon 
emission.  This  encouraging  result  prompted  us  to  resort  to  amplification  by-  external  means. 

An  experimental  scheme  was  set  up,  in  which  the  fiber  was  placed  inside  a  microwave 
waveguide  that  carrie-i  X  band  microwave  radiation  modulated  by-  a  2  MHz  signal.  Thus,  the 
desired  2  MHz  modulation  was  delivered  to  the  fiber  via  the  X  band  microwave  carrier.  The 
reflected  laser  pulse  was  monitored,  and  the  detected  signals  are  shown  in  Fig.  2.  The 
oscillograms  show  the  direct  modulation  of  the  reflected  laser  pulse  by  the  2  MHz  signal. 
This  was  apparently-  a  rather  broadband  process,  as  seen  in  Fig.  3  with  a  0.2  MHz  modulation 
s ignal  . 

Installation  of  the  fiber  inside  a  microwave  waveguide  caused  the  transmitted  laser  pulse 
to  possess  a  preferred  longer  effective  interaction  length  with  the  imposed  low  frequency 
signal,  and  this  is  clearly  borne  out  in  Fig.  4.  The  transmitted  laser  pulse  is  seen  to  be 
more  effectively  modulated  by  the  loiv  frequency  signal.  A  direct  comparison  in  Fig.  5  at 
low  and  high  modulation  signal  levels  further  demonstrates  the  more  efficient  interaction 
in  the  forward  or  transmission  direction. 

It  is,  of  course,  natural  to  proceed  to  high  frequency-  (GHzj  phonon  effects  on  the  fiber. 
The  experiment  is  still  in  progress,  involving  fabrication  of  the  proper  waveguide  and  the 
acquisition  of  appropriate  instrumentation. 

Conclusions 


There  is  no  doubt  that  this  first  reported  observation  of  phonon  emission  and  direct  low 
frequency-  modulation  in  mid  IR  fibers  has  great  physical  significance.  It  not  only-  confirms 
the  existence  of  sBs  based  phenomena  in  such  phonon-active  fibers,  but  also  points  to  the 
potential  of  application  as  fiber-optic  devices  for  optical  modulation,  switching,  phase 
conjugation  and  the  like. 
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Fig. 1  .  Laser  induced  2  MHz  phonon 

detected  by  spectrum  analyzer. 

2  a  -  laser  pulse  modulated  by 
low  power  2  MHz  sine  wave 

-  laser  pulse  modulated  by 
high  power  2  MHz  sine  wave 

c  -  laser  pulse  modulated  by 
high  power  2  MHz  sawtooth 
wave 


b. 


c. 

Fig-  2- 
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Fig.  3. 

a  -  0.2  MHz  sinewave  modulation  on 
reflected  laser  pulse  with 
microwave  carrier; 

b  -  0.2  MHz  sawtooth  wave  modulation; 
c  -  0.2  MHz  sqaure  wave  modulation 
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Fig.  4.  a  -  Reflected  laser  pulse,  b  -  transmitted  laser  pulse 
Maximum  2  MHz  sqaure  wave  modulation 


Fi;.  s.  a  -  Reflected  laser  pulse  with  low  power  2  MHz  saw-tooth  wave  modulation; 

a'-  reflectea  l.'^r  pulse  with  hiijb  power  2  MHz  saw-tooth  wave  laodul  .tion; 
b  -  Transmitted  laser  pulse  with  low  power  2  MHz  saw-tooth  wave  modulation; 
b'-  transmitted  laser  pulse  >. ;’'h  high  power  2  MHz  saw-tooth  wave  mudiilati -  n 
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ABSTRACT 


In  this  paper,  we  present  the  first  demonstration  of  phase  conjugation  via  Stimulated 
Brillouin  Scattering  (SBS)  with  a  f lashlamp-pumped  dye  laser.  This  was  done  using  an  osci¬ 
llator/amplifier  configuration  lad  a  high  pressure  methane  gas  cell  as  the  SBS  mirror.  Dye 
laser  linewidths  of  10  and  100  GHz  were  conjugated  with  SBS  reflectivities  of  greater  than 
50%.  Due  to  the  reflection  of  SBS  energy  back  into  the  laser  system,  a  self-pumped  phase 
conjugate  resonator  (PCR)  was  formed.  This  cavity  could  prove  useful  in  the  attainment 
of  high  energy,  di f fract ion- limited ,  f lashlamp-pumped  dye  laser  systems,  and  is  also  con¬ 
venient  for  the  study  of  long  pulse  (>1  jusec)  PCR’s  using  SBS. 

INTRODUCTION 


Flashlamp-pumped  dye  lasers,  on  the  whole,  suffer  from  beam  qualities  that  go  from  bad 
to  worse  as  the  output  energies  are  scaled  from  a  few  joules  to  tens  of  joules  per  pulse. 

This  degredation  can  be  caused  in  a  flowing  dye  media  by  such  things  as  turbulence,  optical 
disturbances  due  to  temperature  gradients,  and  acoustic  shock  waves  from  flashlamps.  Beam 
qualities  of  50  to  100  times  diffraction  limited  are  common  and  spatial  filtering,  with 
significant  energy  loss,  does  not  appear  to  be  the  best  way  to  achieve  a  nearly  diffraction- 
limited  beam. 

In  recent  years,  many  types  of  lasers  and  optical  systems  have  benefited  from  the  use 
of  non-linear  optical  phase  conjugation  to  compensate  for  optical  inhomogeneities  similar 
to  those  found  in  flashlamp-pumped  dye  lasers.  Of  the  various  methods  for  achieving  phase 
conjugation,  SBS  seems  to  hold  the  most  promise  for  use  with  flashlamp-pumped  dye  lasers. 

In  order  to  achieve  SBS  threshold,  a  combination  of  spectral  linewidth,  beam  quality 
(divergence),  and  power  requirements  must  be  met.  The  difficulty  in  obtaining  these  often 
mutually  exclusive  requirements  from  a  single  laser  cavity  probably  explains  why  SBS  has 
not  been  previously  demonstrated  with  this  type  of  laser.  One  possible  solution  to  this 
problem  is  an  osci llator/ sing le-pass  amplifier  configuration. 

EXPERIMENTAL  DETAILS 

The  experimental  setup  was  as  shown  in  Fig.  1.  The  oscillator  was  a  Phase-R  Model  1400 
coaxial  flashlamp-pumped  dye  laser.  It  was  configured  with  a  2  meter  long  cavity  containing 
3  tuning/polarizing  prisms  and  2  etalons.  The  oscillator  output  was  then  expanded  to  fill 
a  Candela  LFDL-20  linear  flashlamp-pumped  dye  laser.  The  laser  output  from  this  oscil¬ 
lator/single-pass  amplifier  system  was  then  focused  into  a  high  pressure  methane  gas  cell. 
One  quarter-wave  plate  and  two  dielectric  polarizing  beamsplitters  were  used  in  combi¬ 
nation  to  try  to  prevent  the  SBS  return  from  the  gas  cell  frcn  re-entering  the  laser  system. 
A  pellicle  beamsplitter  was  placed  lUst  before  the  focusing  lens  so  that  energy  measurements 
and  beam  profiles  could  be  taken  of  the  incident  and  SBS  returned  beams. 

Space  was  left  between  the  beamsplitter  and  focusing  lens  for  the  occasional  insertion  of 

an  a' errator  to  test  for  the  phase  conjugation  property  of  wavefront  correction. 

All  experiments  were  peformed  using  Rhodamine  6G  as  the  laser  dye  with  wavelength  opera¬ 
tion  of  the  oscillator  set  at  590nm.  The  2  etalons  were  removable,  thus  allowing  linewidths 
of  10  GHz  or  lOOGHz.  Once  the  system  was  operational  it  was  observed  that  the  output 
of  the  amplifier  faithfully  followed  the  linewidth  and  beam  quality  of  the  oscillator. 

RESULTS 

SBS  was  successfully  demonstrated  in  the  methane  cell  and  reflectivity  data  (energy  out 
of  cell  vs  energy  into  cej.i)  was  taken  for  various  combinations  of  linew.idth,  focal  length, 
and  gas  pressure.  A  portion  of  this  data  is  presented  in  Figs.  2  and  3.  Fig.  2  shows  10 

GHz  and  100  GHz  operation  at  a  constant  focal  lengtli  and  pressure  while  Fig.  3  shows  opera¬ 

tion  with  two  different  focal  lengths  at  constant  ] inewidth  and  pressure. 

Typical  pulse  wavefor'  s  taken  are  siiown  in  Figs.  4-8.  Figs.  4  and  5,  taken  when  the 
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ENERGY  OUT  (mj) 


100%  MIRKOR 


Fig.1.  Oscillator/Amplifier  configuration.  The  SBS  experiment  was 
performed  by  observing  the  SBS  output  signal  and  comparing  if  with  the 
laser  output  signal.  To  investigate  the  phase  conjugate  ability  of  the  SBS 
return,  an  acid  etched  glass  plate  could  be  inserted  (aberrator  location)  and 
the  SBS  return  could  then  be  compared  to  the  return  obtained  when  the 
lens/cell  combination  was  replaced  with  an  ordinary  miror.  The  quarter 
waveplate/polarizers  combination  was  intended  to  prevent  energy  from  re¬ 
entering  the  laser  system. 
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Fig.6.  Laser  output  waveform  with  SBS  cell. 
200  nSec/Division. 


Fig. 5.  Oscillator/Single  pass  amplifier  pulse 
100  nSec/Division. 
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Fig. 7.  SBS  output  waveform. 
200  nSec/Division, 


Fig. 8.  Laser  output  waveform  without  SBS  cell 
200  nSec/Division. 

This  is  the  same  as  Fig,5  except  for  time  scale 
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SBS  cell  was  absent  from  the  setup,  illustrate  that  the  oscillator  and  amplifier  pulse 
shapes  were  identical.  Figs.  6  and  7,  taken  off  of  the  beamsplitter,  show  input  and  out¬ 
put  waveforms  when  the  SBS  cell  was  present  and  when  the  laser  energy  was  well  above  the 
SBS  threshold.  A  comparison  of  Fig.  6  with  Fig.  8  indicates  that  the  presence  of  the 
SBS  cell  caused  the  laser  to  continue  to  lase  even  after  output  from  the  oscillator  had 
stopped.  A  closer  inspection  of  this  continued,  apparently  mode-locked  lasing  action 
(Fig.  9)  revealed  a  period  of  35  nsec  which  was  the  same  as  the  35  nsec  round  trip  time 
for  light  traveling  between  the  100%  oscillator  mirror  and  the  SBS  cell.  The  continued 
lasing  had  two  causes:  first,  the  electrical  inductance  of  the  flashlamp  circuit  in  the 
amplifier  caused  the  amplifier  flashlamp  pulse  to  be  longer  than  that  in  the  oscillator; 
and  second,  laser  energy  from  the  SBS  cell  was  getting  back  into  the  amplifier.  The  reason 
that  this  small  amount  of  energy  fedback  into  the  amplifier  was  possibly  due  to  a  slight 
depolarization  effect  at  some  point.  Thus,  due  to  this  feedback,  a  phase  conjugate  reso¬ 
nator  was  formed.  In  Fig.  10  the  phase  conjugate  ability  to  compensate  double-passed 
aberrations  is  displayed.  The  intensity  profiles  between  the  SBS  mirror  return  and  the 
aberrated  SBS  mirror  return  show  no  difference  other  than  shot-to-shot  variation,  while 
the  ordinary  mirror  return  and  aberrated  ordinary  mirror  return  are  strikingly  different. 
The  spot  size  difference  between  the  ordinary  mirror  return  and  the  SBS  mirror  returns 
was  due  to  the  fact  that  the  light  beam  incident  on  the  mirror,  SBS  or  ordinary,  was 
slightly  divergent.  This  yielded  a  slightly  divergent  return  beam  for  the  ordinary  mirror 
and  a  slightly  convergent  return  beam  for  the  SBS  mirror.  Therefore,  the  SBS  return  beam 
reached  a  focus  somewhat  in  front  of  the  camera  position. 

An  appreciation  of  phase  conjugation  can  be  found  in  the  realization  of  the  fact  that 
when  the  SBS  mirror  is  used,  the  phase  plate  aberrator  is  actually  intracavity.  A  normal 
laser  cavity  would  never  lase  with  the  presence  of  such  an  aberration  plate. 
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Fig. 9.  Expanded  view  (20  nSec/Division)  of 
the  beginning  of  the  "mode-locking"  action 


CONCLUSION 


u  II I  ii  III  1  III  II I II  III  I  III  II I II  III  I II I II  III  I  III  II I II  III  I  nni  I II  III  I  iL 


Ordinary  Mirror 
Return 


SBS  Mirror 
Return 


Aberrated  Ordinary 
Mirror  Return 


SBS  Mirror 
Return 


tUlJJl  111  I  111  II  I  II  HI  I  111  II  null  I  II . Ill  II  I  II  111  I  II . 111! 


Phase  conjugation  via  SBS  is  possible  with 
f lashlam-pumped  dye  lasers  by  using  an 
oscillator/amplifier  configuration.  The  ex¬ 
pected  bandwidth  requirements  for  the  SBS  pro¬ 
cess  were  found  to  be  much  stricter  than  those 
observed  in  our  laser  oscillator.  This  was 
probably  due  to  wavelength  chirping  in  the 
osc j 1 lator . 

A  phase-conjugate  resonator  can  be  constructed  around  a  laser  gain  volume  by  using  a 
low  energy,  short  pulse  oscillator  whose  energy  can  be  boosted  above  SBS  threshold  after 
a  single  pass  through  the  gain  volume.  It  may  be  possible  to  extract  a  significant  fraction 
of  the  total  available  energy  from  a  large  gain  volume  in  a  nearly  diffraction  limited  beam 
by  such  a  cavity  utilizing  a  double-pass  setup. 

Further  experiments  are  required  in  order  to  understand  and  assess  the  usefulness,  if 
any,  of  using  this  or  a  similar  type  of  cavity  on  high  energy  f lashlamp-pumped  dye  lasers, 
as  well  as  other  types  of  high  energy  lasers,  where  significant  beam  quality  improvements 
can  be  attained  via  nonlinear  optical  phase  conjugation. 


Fig.  lO.  intensity  contours  taken  with  the  CCD  camera.  The 
ordinary  mirror  return  differs  from  the  SBS  mirror  in  that  the 
SBS  cell  and  lens  were  replaced  with  an  ordinaiy'  laser  mirror. 
The  spot  size  difference  is  explained  in  the  text.  Both  of  the 
aberrated  returns  show  the  effect  of  the  insertion  of  an  aberra¬ 
tor  placed  in  front  of  each  of  the  mirrors. 
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Abstract 

The  fundamental  aspects  of  an  autodyne  detection  laser  transceiver  concept  are 
presented.  A  comparison  between  autodyne  theory  and  measurements  is  made  for  visible 
wavelengths.  The  unique  differences  between  heterodyne  and  autodyne  transceiver 
characteristics  are  examined. 

Introduction 

Coherent  detection  of  optical  radiation  is  a  well  understood  procedure  in  which  a  weak 
signal  beam  is  mixed  with  a  strong  local  oscillator  beam  on  the  surface  of  a  photo- 
detector.'*^  The  beat- frequency  portion  of  the  resulting  photocurrent  contains  a 
frequency  down-translated  replica  of  the  signal  field  components  that  are  copolarized  and 
spatially  coherent  with  the  local  oscillator  beam.  In  optical  heterodyne  detection,  the 
local  oscillator  frequency  is  offset  from  the  signal  frequency  by  an  intermediate  frequency 
(IF),  and  the  photocurrent  beat  appears  at  this  IF.  No  frequency  offset  is  employed  in 
optical  horaodyne  detection,  so  that  in  this  case  the  photocurrent  beat  is  at  baseband. 
Because  of  the  mixing  gain  enjoyed  by  both  of  these  coherent  detection  techniques,  they  can 
operate  at  the  quantum  noise  limit  (signal  light  shot  noise  limit)  of  sensitivity  using 
photodetectors  without  internal  current  multiplication.  Part  of  the  price  of  this 
sensitivity  is  one  of  alignment  tolerance;  the  local  oscillator  laser  beam  must  closely 
match  the  polarization  and  the  spatial  mode  character  of  the  signal  beam,  and  their 
frequency  difference  must  be  stable  relative  to  the  electrical  bandwidth  of  the  post¬ 
photodetection  processing. 

Coherent  detection  is  becoming  the  technique  of  choice  for  laser- transceiver  sensors 
because  it  permits  the  Doppler  frequency  shifts  associated  with  target  motion  to  be 
measured  with  quantum-noise-limited  sensitivity.  In  such  systems,  the  stringent  frequency 
difference  requirement  of  coherent  detection  can  usually  be  met  by  employing  a  single 
stable  laser  to  supply  both  the  transmitter  and  local  oscillator  beams.  Even  in  single 
laser  systems,  however,  the  spatial  mode  matching  requirement  is  quite  restrictive;  from 
Siegman  antenna  theorem^  it  follows  that  the  received  signal  and  local  oscillator  beams 
must  be  aligned  to  well  within  the  diffraction  limit  of  the  receiver  optics. 

In  this  paper  we  will  examine  the  use  of  optical  autodyne  detection  for  laser- 
transceiver  sensors.  Autodyne  detection  employs  no  local  oscillator  beam.  It  is  a  direct 
detection  scheme  involving  self-beating  between  the  various  frequency  components  of  the 
received  signal  beam.  Autodyne  detection  involves  the  spectral  analysis  of  the  direct 
detection  photocurrent  produced  by  the  beating  of  photons  received  from  a  laser  illuminated 
target.  Autodyne  detection  is  capable  of  measuring  the  relative  velocities  between  the 
components  of  an  optically  unresolved  multi-element  target,  because  they  give  rise  to  a 
Doppler-spread  signal  spectrum  which  is  observable  in  direct  detection.  In  other  words, 
the  various  frequency  components  of  the  received  signal  light  mix  together  on  the  photo- 
detector  to  produce  a  photocurrent  containing  a  spectrum  of  beat  frequencies  related  to  the 
relative  velocity  spectrum  of  the  target  complexes. 

The  following  sections  deal  with  the  relative  merits  of  autodyne  detection  as  compared 
with  heterodyne  detection,  and  experimental  results  from  an  autodyne  transceiver.  Section 
II  examines  the  relative  merits  of  autodyne  and  heterodyne  operation  vis-a-vis  their 
respective  requirements  for  optics  quality,  laser  frequency  stability  and  their  respective 
detection  sensitivities.  It  is  shown  that  autodyne  operation  greatly  relaxes  the  stringent 
optics  quality  and  frequency  stability  requirements  of  heterodyne  operation.  Moreover, 
autodyne  operation  can  be  as  sensitive,  if  not  more,  as  heterodyne  detection  at  visible 
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wavelengths,  because  the  former  can  make  use  of  the  internal  current  multiplication  gain  of 
a  photomultiplier  tube  (PMT)  to  balance  the  mixing  gain  that  accrues  to  the  latter. 

Indeed,  even  at  IR  wavelengths,  for  which  PMTs  do  not  presently  exist  commercially-, 
autodyne  sensitivity  can  approach  that  of  heterodyne  detection  if  due  care  is  taken  in 
optimizing  the  photodetector/preamplifier  in  the  autodyne  transceiver^.  Section  III 
presents  experimental  results  obtained  with  a  cw  autodyne  transceiver.  Measurements  of 
relative  target  motion  and  mixing  efficiency  are  reported  for  specular  and  diffuse  targets 
as  functions  of  the  diameter  and  optical  quality  of  the  receiver  objective  lens. 

Autodyne  Detection  vs  Heterodyne  Detection 

In  the  following  comparison  of  autodyne  and  heterodyne  detection  we  examine  three 
distinct  measures:  detection  sensitivity;  required  optics  quality  or  tolerance  to  phase 
r.oioc  in  th'’  re':-eive  channel:  and  frequency  resoliitlo.n  in  tcr."c  of  laser  li.nc  stability. 

Sensitivity 


A  measure  of  sensitivity  for  comparing  heterodyne  to  autodyne  is  the  Carrier-to-Noise 
ratio  (CNR).  The  CNR  is  the  ratio  of  the  squared  signal  strength  to  the  squared  noise 
strength  in  the  filtered  photocurrent  i(t).  To  be  explicit,  decompose  the  photocurrent, 
i ( t ) ,  as  follows : 

i(t)  =  i(t)yignt  *  i(t)fjoise 

where  i(t)2ight  represents  the  current  generated  by  light-induced  charge  carrier 
generation  within  the  photodetector,  and  i(t)noise  represents  nonlight  related  internal 
detector  noise.  Assume  that  the  light  current  is  due  solely  to  the  target  return.  Thus 
the  light  current  includes  target-light  shot-noise  fluctuations  as  well  as  target-return 
fluctuations  arising  from  speckle;  background  light  shot  noise  (if  it  is  significant)  can 
be  lumped  into  the  noise  current.  The  CNR  can  now  be  defined  as 


CNR 


<T.A.[<i(t)^.g^^>3]^>t 


<T.A.[i(t)-<i(t),.g,,>^]^ 


(2) 


where  <  >3  denotes  ensemble  averaging  over  the  shot  noise,  <  >t  denotes  ensemble 
averaging  over  target  fluctuations,  <  >  denotes  ensemble  averaging  over  shot-noise,  target, 
and  internal-noise  fluctuations,  and  T.A.  denotes  time  averaging.  Explicit  calculations  of 
CNR  for  an  autodyne  transceiver  for  specular  and  diffuse  targets  has  been  carried  out  in 
reference  (6).  From  those  calculations  we  find  that 
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CNR^^.  CNR^.  e„. 
_  ref  sig  mix 
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( nNEP/hv^)^/B 


(3) 


where  CNR^gf  is  the  carrier-to-noise  ratio  associated  with  a  sub-element  of  the  target 
which  is  designated  reference  (this  could  be  a  glint  feature),  CNfig^g  is  the  carrier-to- 
noise  ratio  associated  with  the  remainder  of  the  target,  e^iix  a  mixing  efficiency,  n 
is  the  detector  quantum  efficiency,  NEP  is  the  detector  noise  equivalent  power  (W//Hz),  B 
is  the  IF  bandwidth,  and  hvg  is  the  photon  energy.  The  above  CNR  is  valid  for  either  a 
diffuse  (speckle)  or  glint  (specular)  target. 


The  CNR  for  a  heterodyne  receiver  automatically  achieves  the  quantum  noise  limit  of 
performance  due  to  the  local -osci 1 lator  mixing  gain.  Autodyne  detection  can  also  achieve 
the  quantum  noise  limit  of  performance  which  is  obtained  when  the  signal  light  shot  noise 
dominates  the  detectors  internal  noise  and  background  photon  noise.  In  particular,  when 

CNRref  >  (nNEP/hvo)VB  (4) 
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then  autodyne  detection  will  achieve  comparable  values  of  CNR  as  heterodyne  (signal-light- 
shot  noise  limit).  Thus  to  make  a  sensitive  autodyne  transceiver  one  should  work  with  as 
low  NEP  detectors  as  possible  while  a  heterodyne  transceiver  may  use  detectors  with 
moderate  values  of  NEP  as  long  as  the  local  oscillator  shot  noise  can  be  made  to  dominate. 
The  condition  expressed  in  (4)  above  can  often  be  met  as  is  shown  next. 

Let  us  first  examine  visible-wavelength  autodyne  operation  with  a  PMT  detector.  The 
internal  current  multiplication  gain  of  the  PMT  is  usually  sufficient  so  that  the  prime 
contributor  to  NEP  is  background-light  shot  noise,  namely, 

NEP  =  (hvoPB/n)^/2  ,  (5) 

where 

Pb  =  (6) 

gives  the  received  background  power  in  terms  of  the  background  spectral  radiance  N^,  the 
objective  area  Ar,  the  interference  filter  (wavelengths  units)  bandwidth  AX,  and  the 
receiver  field  of  view  SIr.  It  follows  that  condition  (4)  for  target-light  shot-noise- 
limited  autodyning  is  not  unduly  restrictive.  For  exarapde,  consider  a  544  nm  laser/PMT 
receiver  autodyne  system  with  n=.2,  NEP  =  4  x  lO"’'*  W//Hz,  and  B  =  1MHz.  (This  NEP 
corresponds  to  Pr  =  l.nW  collected  by  a  10  cm  diameter  objective  in  a  1  mrad  half-cone 
angle  field  of  view  through  a  1  nm  bandwidth  interference  filter  from  a  daytime  sky- 
background  spectral  radiance;  much  lower  values  would  apply  at  night.  In  this  case  we 
require  CNRj.gf  ^  26.8  dB  to  satisfy  Eq.  (5),  a  number  that  may  well  be  realized  with  a 
glint  feature.  A  more  detailed  comparison  of  heterodyne  and  autodyne  sensitivities  has 
been  made  by  Keyes^,  who  has  shown  that  generally  for  careful  photodetector/preamplifier 
designs,  direct  detection  systems  can  have  sensitivities  comparable  to  heterodyne  systems. 

We  have  considered  sensitivity  of  autodyne  detection  and  compared  it  with  that  of 
heterodyne  detection.  Now,  we  turn  our  attention  to  a  comparison  of  the  impact  of  optics 
quality  on  the  two  detection  schemes.  We  assume  that  in  heterodyne  detection  the  local 
oscillator  is  injected  after  the  objective.  Degradations  in  the  quality  of  the  objective 
optic,  therefore,  negatively  impact  the  heterodyne  mixing  efficiency. 

Optics  Quality 


We  will  compare  the  mixing  efficiency  of  a  bistatic  autodyne  transceiver  with  that  of  a 
bistatic  heterodyne  transceiver  in  the  following  scenario.  Suppose  that  both  systems  use 
identical  modest-size  diffraction-limited  transmitter  optics  to  illuminate  a  particular 
target  and  employ  identical,  considerably  larger,  receiver  optics  to  make  high  spatial 
resolution  measurements  of  the  Doppler-spread  spectrum  of  that  target.  We  shall  assume 
that  the  target  lies  in  the  far  field  of  the  receiver  aperture,  that  both  transceivers  use 
identical  (large-diameter)  focal-plane  photodetectors,  and  that  the  heterodyne  transceiver 
introduces  its  local-oscillator  beam  after  the  objective  optics.  If  both  transceivers  have 
diffraction-limited  receiver  optics  and  the  heterodyne  transceiver  uses  a  local-oscillator 
beam  (on  its  photodetector)  that  is  matched  to  the  Airy  disk  pattern,  both  transceivers 
will  achieve  high  mixing  efficiencies. 

Now,  suppose  that  their  receiver  optics  are  of  poor  quality,  with  an  aberration-limited 
focal  spot  size  N  (N>>1)  times  the  diffraction  limit.  In  this  case,  the  heterodyne 
transceiver's  mixing  efficiency  will  degrade  by  a  factor  of  =1/N,  whereas  the  autodyne- 
transceiver's  mixing  efficiency  will  stay  constant.  The  reason  for  this  is  that  the  phase 
aberration  in  the  autodyne  receiver  channel  is  common  mode,  whereas  in  the  heterodyne 
receiver  channel  the  phase  aberration  affects  the  target  return  but  not  the  local 
oscillator  beam  resulting  in  a  phase-front  mismatch  with  concomitant  reduction  in  mixing 
ef f ic  iency . 

Autodyne  receivers  can  be  constructed  with  arbitrary  quality  optics  and  are  insensitive 
to  atmospheric  turbulence  (as  long  as  the  received  energy  falls  on  the  detector).  This 
result  has  been  experimentally  verified  as  reported  below.  The  obvious  impact  of  being 
able  to  use  large  light-bucket  optics  for  autodyne  receivers  is  the  reduction  in  system 
complexity  and  cost.  We  now  turn  our  attention  to  the  impact  of  laser  frequency  stability 
on  autodyne  and  heterodyne  detection. 

Frequency  Resolution /Laser  Frequency  Stability 

Suppose  the  transmitter  laser  in  a  heterodyne  transceiver  has  random  frequency  fluctua¬ 
tions  with  coherence  time  tf  and  long-term  linewidth  op,  where  6ftf>>l  Let  a 
portion  of  this  laser  beam  be  split  off,  acoustooptically  frequency  shifted,  and  used  as 
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the  local  oscillator  beam  in  the  receiver.  For  long  dwell  time  operation,  the  Doppler 
frequency  resolution  of  this  sensor  will  be  limited  by  the  frequency  fluctuations  in  the  IF 
signal.  These  fluctuations,  for  this  single-laser  system,  are  due  to  the  decorrelation  of 
the  laser  frequency  that  occurs  over  the  round-trip  sensor-to-target  propagation  delay.  In 
particular,  the  frequency  resolution  is  given  by’ 

8of  (L/ctf  '^2^  when  2L/tf<<1  and  2ofL/c>>1  , 

^res  “  (7) 

when  2L/ctf>>1  , 

for  a  target  at  range  L,  where  c  is  the  speed  of  light.  In  the  upper  branch  of  Eq  (7),  the 
propagation  delay  resolves  the  long-term  linewidth  but  not  the  short-term  linewidth.  As  a 
result,  the  frequency  fluctuations  on  the  target-return  are  highly  correlated  with  those  on 
the  lo<^al -oso i 1 1  at beam  giving  Doppler-measurement  frequency  resolution  appreciably 
better  than  the  long-term  linewidth.  When  the  lower  branch  of  Eq.  (7)  applies,  the 
propagation  delay  resolves  both  the  long-term  linewidth  and  short-term  linewidths.  Here 
the  Doppler-measurement  frequency  resolution  is  worse  than  the  long-term  because  the 
propagation  delay  is  long  enough  that  the  frequency  fluctuations  on  the  target-return  beam 
and  those  on  the  local-oscillator  beam  are  uncorrelated. 


Now  consider  autodyne  operation,  assuming  the  same  laser  frequency  fluctuations.  In 
this  case,  the  long  dwell  time  frequency-fluctuation-limited  Doppler-measurement  resolution 
becomes 

8of ( AL/ctf ) 1 when  2AL/tf<<1  and  2ofAL/c>>1 

fres  =  ,  (8) 

2u/^of,  when  2L/ctf>>1  , 

where  AL  is  the  target  depth,  i.e.,  the  range  separation  between  the  reference  and  signal 
components  of  the  target.  The  interpretations  of  the  two  branches  of  Eq.  (8)  mimic  those 
of  Eq.  (7),  except  that  in  the  autodyne  case,  the  appropriate  propagation  delay  between  the 
reference  and  signal  frequency  fluctuations  is  that  associated  with  target  depth  rather 
than  target  range.  Equations  (7)  and  (8)  imply  that  autodyning  is  far  less  sensitive  to 
laser  frequency  fluctuations  than  is  heterodyning .  In  particular,  let  us  suppose  that  the 
two  transceivers  use  lasers  with  identical  frequency-fluctuation  characteristics  and  that 
both  operate  in  the  regime  where  the  short-term  linewidth  is  unresolved.  If  L=1000AL,  the 
autodyne  frequency  resolution  will  be  30  times  better  than  the  heterodyne  frequency 
resolution.  Alternatively,  with  L=1000AL,  an  autodyne  transceiver  can  use  a  laser  with  30 
times  worse  short-term  linewidth  than  that  employed  in  a  heterodyne  transceiver,  and  yet 
both  systems  will  have  the  same  frequency  resolution.  In  the  regime  where  the  path  delay 
is  sufficient  to  resolve  the  long  term  linewidth  then  the  frequency  resolution  is  given  by 
the  lower  branch  in  Eq.  (7).  However,  for  autodyne  the  target  depth  for  a  large  class  of 
lasers  and  targets  is  not  sufficient  to  resolve  the  long  term  linewidth  so  the  upper  branch 
in  Eq.  (8)  still  applies. 


The  results  presented  in  this  section  are  from  a  series  of  autodyne  laser-transceiver 
measurements  made  to  verify  the  key  physical  aspects  of  the  theory.  The  transceiver,  whose 
block  diagram  appears  in  Figure  1,  was  a  cw  bistatic  system  employing  a  10-mW  collimated 
argon-ion  laser  transmitter  operating  on  the  544  nra  line  and  a  direct-detection  receiver 
consisting  of  a  nondiffraction  limited  6.8  cm  diameter,  50  cm  focal  length,  biconvex 
objective  lens  and  a  focal-plane  photodetector.  For  most  of  the  measurements,  the  detector 
was  a  0.2  mm’  area  silicon  photodiode;  some  measurements  were  made  using  a  1  cm  diameter 
silicon  photodiode;  some  measurements  were  made  using  a  1  cm  diameter  silicon  photocell. 

In  either  case,  the  output  of  photodetector  was  directly  applied  to  the  100  MSI  input 
impedance  of  a  0-30  kHz  preamplifier,  whose  output  was  recorded  with  an  analog  storage 
oscilloscope  a  well  as  a  digital  oscilloscope  capable  of  performing  Fourier  transforma¬ 
tion.  Throughout  the  measurements  program,  neutral-density  filter  attenuation  of  the 
transmitter  beam  was  employed,  as  necessary,  to  prevent  saturation  of  the  photodetector. 


The  target  arrangement  used  in  the  autodyne  measurements  is  shown  in  Figure  2.  For  most 
of  the  measurements,  a  50/50  beam  splitter  was  employed  to  permit  two  target  components 
that  were  well  separated  to  appear,  insofar  as  the  autodyne  transceiver  was  concerned,  as 
though  they  were  in  close  proximity.  Low  frequency  choppers  (9  Hz  and  18  Hz)  were 
employed,  in  most  cases,  to  enable  simple  identification  of  the  individual  and  mixing 
contributions  to  the  total  photocurrent.  The  propagation  distance  between  the  laser 
transceiver  and  the  target  arrangement  was  100m. 
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Figure  1 


Figure  2 
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Block  diagram  of  autodyne  laser  transceiver  for  experimental  verification  of 
autodyne  theory. 
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Schematic  diagram  of  glint/glint  autodyne  target  with  50/50  beam  splitter. 
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To  explore  the  behavior  of  specular-reference/specular  signal  autodyning,  two  1  ram 
diameter  mirrors  were  employed  as  the  reference  and  signal  components  in  the  Figure  2 
target  arrangement.  At  a  100  m  target  range,  this  mirror  size  is  much  smaller  than  the 
16  mm  transmitter  spot  diameter  and  unresolved  by  the  2  mm  diffraction  limit  of  the  6.8  cm 
objective  diameter.  One  mirror  was  mounted  along  the  transmit/receive  axis  on  a  worm- 
screw-driven  linear  translation  stage  set  up  to  provide  a  sawtooth  relative  radial  motion 
between  the  two  target-return  components.  The  other  mirror  was  mounted  on  a  micrometer- 
driven  linear  translation  stage  set  up  to  vary  the  transverse  separation  between  the  two 
target  components.  No  effort  was  made  to  isolate  the  mirrors  from  acoustic  vibrations. 


The  first  measurement  we  made  was  to  verify  the  expected  frequency  content  of  the 
specular-reference/specular  signal  autodyne  detection  photocurrent.  According  to  the  basic 
physics  laid  out  in  the  previous  section,  the  photocurrent  obtained  from  the  target 
combination  should  contain  a  beat  note  at  the  Doppler  shift  associated  with  the  relative 
radial  velocity  between  the  two  target  components  when  both  of  these  target  elements  are 
illuminated,  and  both  lie  within  the  diffraction  limit  of  the  receiver  objective  lines. 

When  both  mirrors  were  on-axis  and  the  worm-screw  drive  was  employed  to  introduce  a 
0.9  mm/s  relative  radial  velocity,  the  photocurrent  did  show  a  clean  Doppler  note  at  the 
expected  3.3  kHz  frequency.  With  no  radial  velocity  imposed  by  the  worm-screw  drive, 
however,  table  vibrations  led  to  an  =2  kHz  Doppler-spread  bandwidth  in  the  photocurrent. 


Having  verified  the  presence  of  the  appropriate  Doppler  frequency  beat  in  the  photo¬ 
current  obtained  with  both  mirrors  on  the  transmit/receive  axis,  we  next  used  the 
transverse  micrometer  drive  to  measure  the  specular-reference/specular-signal  mixing 
efficiency  achieved  by  our  transceiver  as  a  function  of  the  angular  offset  between  the  two 
target  components.  This  measurement  was  accomplished  by  finding  the  average  photocurrents, 
Ifef  and  Isig.  generated  by  the  reference  and  signal  mirrors  alone,  and  the  average 
peak-to-peak  photocurrent  Ip-p  at  the  Doppler-shift  frequency.  These  values  were 
readable  from  the  storage  oscilloscope  display  because  of  the  different  chopping 
frequencies  used  in  the  two  arms  of  our  target  arrangement.  From  these  measurements, 

^raix  calculated  via 


The  results  we  obtained  with  the  full  receiver  aperture  and  with  the  receiver  aperture 
stopped  down  to  a  1  cm  diameter  are  shown  in  Figure  3.  Because  our  0.2  ram*  area  photo¬ 
detector  was  significantly  bigger  than  the  aberration-limited  blur  circle  of  our  objective 
lens,  the  mixing  efficiency  equals  the  squared  magnitude  of  the  overlap  (correlation) 
integral  between  the  received  reference  and  signal  fields  over  the  entrance  aperture  of  the 
objective  lens.  Thus,  near-unit  mixing  efficiency  should  be  obtained  only  well  within  the 
diffraction  limit  of  this  entrance  aperture.  This  behavior  is  confirmed  by  the  full- 
aperture  date  shown  in  Figure  3.  In  addition,  the  much  broader  mixing  efficiency  vs 
angular  offset  pattern  shown  in  Figure  3  for  the  stopped-down  receiver  aperture  is 
consistent  with  the  antenna  theorem  view  of  autodyning. 


There  is  an  important  aspect  to  these  mixing  efficiency  curves  that  should  be  brought 
out  at  this  juncture.  For  heterodyne-detection  laser  transceivers,  it  is  generally  held 
that  diffraction-limited  receiver  optics  should  be  employed.  A  principal  reason  is  because 
the  local-oscillator  beam  is  typically  injected  after  the  objective  optics.  As  a  result, 
it  becomes  difficult  to  achieve  good  spatial-waveform  matching  on  the  photodetector  between 
the  local  oscillator  and  received  signal  beams  if  the  objective  optics  are  not  diffraction- 
limited.  In  other  words,  heterodyne  transceivers  usually  need  diffraction  limited  objec¬ 
tive  optics  to  approach  near  unity  mixing  efficiency.  The  unity,  full  aperture,  on-axis 
mixing  efficiency  shown  in  Figure  3  for  a  nondiffraction  limited  objective  in  autodyne 
operation  is  thus  a  potentially  valuable  advantage  of  autodyne  operation  over  heterodyne 
operation  in  that  large  diffraction-limited  optics  is  very  costly.  Physically,  the 
autodyne  insensitivity  to  objective  aberrations  derives  from  the  following  considerations. 
First,  autodyne  operation  with  a  large  detector,  so  that  all  the  reference-plus-signal 
light  passing  through  the  objective  is  collected,  ensures  that  the  mixing  efficiency  is  the 
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degree  of  spatial-wavefront  matching  between  the  reference  and  signal  fields  arriving  at 
the  entrance  aperture  of  the  receiver.  Second,  this  receiver  aperture  spatial-wavefront 
matching  will  be  quite  good  whenever  the  two  target  components  lie  well  within  a  single 
diffraction-limited  field  of  view. 

We  put  the  insensitivity  of  autodyne  operation  to  objective  aberration  to  a  severe  test 
by  placing  a  plastic  slide  coated  with  clear  grease  immediately  in  front  of  our  lens.  The 
composite  optical  quality  of  the  slide  and  objective  lens  was  so  poor  the  0.2  mm^  area 
photodetector  was  smaller  than  the  focal  plane  blur  circle  from  a  single-mirror  reflector. 
Thus,  we  switched  to  a  1  cm  diameter  photocell  for  these  measurements  to  stay  in  the  larget 
detector  limit.  We  found  that  the  mixing  efficiency  behavior  was  virtually  unaffected  by 
the  presence  of  the  severe  objective  aberrations  in  accord  with  the  physical  principles 
stated  in  the  previous  paragraphs. 


Specular- Reference/Diffuse-Signal  Measurements 


Having  completed  the  specular-reference/specular  signal  measurements,  we  replaced  one  of 
the  mirrors  in  our  target  arrangement  with  a  piece  of  reflective  tape  whose  backscatter 
cone  angle  was  »35  mrad.  This  tape  introduced  a  spatially  resolved  diffuse  component  into 
our  composite  target.  With  this  setup,  we  repeated  the  Doppler  shift  and  mixing  efficiency 
measurments  with  the  specular-reference  mirror  located  on  the  transmit/receive  axis.  We 
found  that  the  photocurrent  still  contained  a  beat  at  the  expected  Doppler-shi f t 
frequency.  We  also  found  that  the  on-axis  mixing  efficiency,  was  =0.5,  in  qualitative 
agreement  with  the  theoretical  result*  that  specular-reference/diffuse  signal  autodyne 
efficiency  is  about  half  of  that  of  the  specular-reference/specular  signal  case. 


Extended  Rotating  Cylinder  Measurements 


In  the  next  series  of  measurements,  a  single  mult i -element  target  was  simulated  by 
removing  the  beam  splitter  from  the  Figure  2  arrangement  and  using  a  1  cm  diameter  cylinder 
as  the  on-axis  target.  This  cylinder  was  spun  on  a  1  rpm  motor  and  canted  to  avoid 
specular  reflection  from  the  transmitter  to  the  receiver.  Within  the  illuminated  portion 
of  the  cylinder  the  rotation  produces  a  rad ial- veloc ity  gradient  which  imparts  a  Doppler 
frequency  chirp  to  the  reflected  light.  The  autodyne  photocurrent  results  from  self¬ 
beating  between  the  various  components  of  this  Doppler-spread  spectrum  associated  with 
reflection  originating  from  the  same  diffraction-limited  field  of  view  of  the  receiver 
aperture.  Thus,  as  the  receiver  aperture  is  masked  down,  with  no  changes  in  the 
transmitter  beam  or  the  target  rotation  rate,  we  expect  that  the  autodyne  signal  bandwidth 
will  increase  because  of  the  increased  Doppler  spread  associated  with  the  increased 
diffraction-limited  field  of  view  of  the  reduced  receiver  aperture.  In  Figure  4  we  present 
plots  of  the  photocurrent  spectrum  for  three  cases:  no  target  rotation  with  full  receiver 
aperture;  1  rpm  target  rotation  with  full  receiver  aperture;  and  1  rpm  rotation  with  a  1  cm 
diameter  receiver  aperture.  The  spectral  structure  seen  in  the  absence  of  target  rotation 
is  principally  due  to  60  and  120  Hz  pickup  in  our  instruments.  The  key  thing  to  observe  in 
the  Figure  li  data  is  the  long  spectral  tail  that  exists  in  the  1cm  aperture  data  that  is 
absent  from  the  full  aperture  data. 


There  is  one  additional  feature  of  the  rotating  cylinder  measurements  that  should  be 
noted.  The  rotating  cylinder  measurements  that  we  made  were  arranged  so  that  none  of  the 
light  collected  by  the  receiver  came  from  specular  reflection.  Thus  the  Figure  4  data 
verify  that  autodyning  can  be  achieved  in  the  diffuse-reference/diffuse-signal  case. 


Conclusion 


In  this  initial  assessment  of  autodyning  vs  heterodyning,  it  seems  clear  that  autodyning 
and  heterodyning  can  both  measure  Doppler-spread  target  characteristics,  autodyning  is  far 
less  sensitive  to  receiver  optics  quality  and  laser  frequency  stability  than  is  hetero¬ 
dyning,  and  autodyning  can  be  as  sensitive  as  heterodyning.  Also  since  autodyne  reception 
is  relatively  insensitive  to  phase  aberrations  in  the  optics,  this  implies  that  it  is  also 
relatively  insensitive  to  atmospheric  turbulence. 


Additional  experimentation  is  underway  which  will  address  the  question  of  quantum 
limited  autoydne  performance,  i.e.  how  many  photons  per  unit  measurement  interval  are 
required  to  resolve  a  Doppler  beat  note?  We  are  also  examining  the  question  of  wide  field 
of  view  optics  and  large  detectors  to  explore  for  consequences  on  autodyning  of  aperture 
averaging  from  diffuse  reflectors. 
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Figure  3 


Figure  4. 


Experimental  mixing  efficiency  curve  for  glint/glint  target  as  a  functi;  f 
angular  separation. 
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Autodye  signature  from  a  resolved  rotating  diffuse  cylindrical  target. 
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t\h  s  tj- 

A  f o u r - wa V e 1 en g t h  infrared  (IR)  DIAL  system,  developed  i>y  SRI  for  the  L.S.  Army  Chemical 
Research,  Development  and  Engineering  Center  (CRDEC),  is  described.  The  lidar  detects 
intrared  absorbing  vapor  clouds  using  the  DIAL  technique  anu  performs  both  pa t h - i n t e g r a t e d 
(  c  o  1  uran  -  c  o  n  t  e  n  t )  and  r  a  ng  e  -  r  t- s  o  1  v  ed  measurements.  Tlie  van-mounted  lidar  contains  four 
grating-tuned  Tacbisto  555-G  (custom)  TEA  CO2  lasers,  with  a  nominal  1 -J  transmitted  energy 
at  1  0  P  (  2  0  )  .  The  lasers  are  typically  fired  with  a  1  0  0  -  ;i  s  s  p  a  c  i  n  c  to  freeze  the  atmosphere. 
The  IR  receiver  uses  a  16-in.  f/2.5  telescopi*  and  a  liquid-nitrogen -coo  led  HgCdTe  quadrant 

detec  or.  The  scanner  allows  pointing  ovi'r  a  full  li  em  i  s  p  lie  r  e  .  the  lidar  data  svstem 

features  two  DEC  PDP-11/73  m  i  r  oc  or.ip  u  t  e  r  s  and  a  CAMAC  data  acquisition  svstem  for  real-time 
data  collection,  signal  averaging,  data  analysis,  color  graphics  display,  and  'torage  on 
magnetic  tape.  The  lidar  has  demonstrated  ptith -integrated  measurement  capability  ti  a 
range  of  9  km  and  range-resolved  capability  to  4.5  km.  Table  1  presents  the  lidar 
technical  specifications.  Figure  1  sliows  a  photograph  and  system  layout  of  the  lidar. 


Table  1 

GMBU  TECHNICAL  SPECIFTCATIONS 


Module 

Specification 

Transmiccer 

Laser  type 

Wavelengths 

Energy/pulse  (J  on  10P20) 
Pulse  race  (Hz) 

Beam  divergence  (rarad) 
Modes  avallabl'' 

Pul.sewidth  (ns) 

Beam  area  (mm  x  mrr) 

CO2  TEA  (Ta._nisco  555-C  Custom) 

9.2  CO  10.8 

1.0 

20  (max) 

3.5  H.  ^.0  V 

Mulciroode/single  mode  (TEMqq) 

840 

18  X  20 

Receiver 

Diimeter  (era) 

Telescope  type 

Detector  Type 

40  (16  in . ) 

Dall-Klrkham  F2 . 5 

LN2*cool€d  photo-conducting  (PC)  HgCdTe 
(1  X  1  mm)  quadrant  with  4  x  Ge 
.  immersion  lens 

Detecuivicy  (cmHz^^^/U) 

0 

0 

X 

FOV  (mrad) 

8x8 

Bandwidth  (MHz) 

2.3 

Amplifier  gains  (dB) 

12,  32.  66 

Log  amplifier 

4  decade  (oscilloscope  display  01. iy) 

Datfl  Acquisition 

g.  ^  tzat  ion  »MHz-hit) 
F.nergv  monitor  detector 
Processor 

Recording  ('magnetic  t.ipe) 

rUsplav 

Visual  scene 

Dual/10-12  linear.  Transiac 

Room  temperature  photovoltaic  (PV) -HgCdTe 

DEC  LSI  11/73 

9  track,  2400  ft 

Character  data 

Color  vi  leo 

Ana  1  vs  i  s  c.'orputer 

Processor 

Hard  Disk 

Display 

DEC  LSI  11  *3 

Winchester  130  Mbvre 

ROB  graphics 

AZIMUTH  . 
SCAN^ 


FIGURE  1  PHOTOGRAPH  AND  SYSTEM  LAYOUT  OF  DIRECT-DETECTION  CO2  LASER  RADAR  SYSTEM 
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FUTURE  APPLICATIONS  OF  SOLID-STATE  LASERS 
FOR  SPACE  REMOTE  SENSING 

John  W.  Cox  and  Christopher  L.  Moore 
NASA  Langley  Research  Center 
Hampton,  VA  23665 


Abstract 


NASA's  future  plans  include  a  polar-orbiting  lidar  platform  to  conduct  remote  sensing 
investigations  from  space.  A  Shuttle  flight  experiment  is  currently  being  developed  to 
enhance  the  technology  and  formulate  the  design  of  this  lidar  system. 


Introduct ion 


NASA  plans  to  develop  a  polar-orbiting  remote  sensing  platform  as  part  of  its  Space 
Station  program.  The  _Earth  Observation  System  (EOS)  platform  will  include  the  jOser 
Atmospheric  Altimetry  (LASA)  lidar  facility.^  LASA  will  provide  long-term 

global  measurements  of  aerosols  and  clouds  in  the  Earth's  atmosphere.  The  Oif^ar  O^-Space 
technology  O'periment  (LITE)  will  demonstrate  the  first  use  of  a  lidar  system  in  space, 
proving  the  technology  required  for  future  space-based  lidar  facilities  such  as  LASA. ^ 

LITE  is  currently  being  developed  at  NASA  for  launch  on  the  Space  Shuttle  in  mid-1992. 

Lidar  has  been  utilized  for  remote  sensing  of  the  Earth's  atmosphere  since  the  early 
seventies.  A  lidar  system  fires  short  pulses  of  laser  energy  into  the  atmosphere  where  it 
is  scattered  by  atmospheric  particles  and  molecules.  A  telescope  receiver  collects  the 
backscattered  laser  light.  By  measuring  the  strength  of  the  return  signal  and  its  time-of- 
flight,  a  vertical  distribution  profile  of  atmospheric  aerosols  and  other  constituents  can 

be  determined. 3 

Early  lidar  systems  were  ground-based,  and  consequently  could  obtain  aerosol  profiles 
above  only  a  fixed  site.  Currently,  lidar  systems  are  flown  in  aircraft,  allowing  measure¬ 
ments  to  be  performed  at  remote  locations  and  at  a  range  of  points  along  the  flight  path. 
This  approach  limits  observations  to  a  small  region  of  the  atmosphere,  however.  In  order 
to  map  the  distribution  of  atmospheric  aerosols  on  a  global  scale,  spaced-based  lidar  fa¬ 
cilities  are  needed.^ 

This  paper  will  present  an  overview  of  both  the  LITE  and  LASA  projects.  Solid-state 
lasers  will  be  utilized  first  in  these  experiments  because  of  their  proven  reliability  in 
terrestrial  lidar  systems.  In  addition,  solid-state  lasers  can  generate  high-energy  pulses 
of  light  at  multiple  wavelengths.  This  capability  enables  a  single  laser  system  to  perform 
a  variety  of  scientific  investigations. 


LITE  Instrument  Overview^ 

The  LITE  experiment  is  currently  being  developed  at  NASA  to  demonstrate  the  first  use  of 
a  lidar  system  in  space  for  remote  sensing  of  the  atmosphere.  LITE  is  designed  to  be  a 
modular  experiment  capable  of  multiple  flights.  It  will  serve  as  a  test-bed  for  evolving 
lidar  technologies  such  as  lasers,  optical  detectors,  and  lightweight  telescopes. ^ 

The  scientific  objectives  of  LITE  are  to  measure  atmospheric  aerosols  and  molecular 
densities,  and  to  determine  the  height  of  cloud  tops  and  the  planetary  boundary  layer.  ^ 

The  LITE  instrument  is  nadir  viewing,  and  will  operate  at  a  nominal  altitude  of  250  km. 

Data  will  be  acquired  over  the  course  of  30  orbits. 

The  mechanical  configuration  of  the  LITE  instrument  is  shown  in  Figure  1.  The  major 
components  of  LITE  are  a  1-Joule  laser  transmitter,  and  1-meter  diameter  reflecting  tele¬ 
scope.  The  laser  transmitter  consists  of  a  f lashlamp-pumped  Neodymi um- YAG  oscillator  with 
a  fundamental  wavelength  of  1064  nm.  Second  and  third  harmonic  generation  is  employed  to 
obtain  wavelengths  of  532  nm  and  355  nm.  The  telescope  receiver  collects  the  backscattered 
laser  energy  and  converts  the  return  signal  into  three  channels  of  scientific  data. 

Alignment  capability  is  provided  by  an  actively  controlled,  steerable  prism  which  main¬ 
tains  the  laser  beam  parallel  with  the  telescope  axis.  A  35  mm  photographic  camera  is  used 
to  record  cloud  cover  and  the  ground  track  of  the  instrument.  An  engineering  data  system 
acquires  environmental  data  on  the  instrument  during  ascent  and  landing.  The  LITE 
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Figure  1:  LITE  Instrument  Configuration 

instrument  is  mounted  in  a  Spacelab  pallet  which  is  carried  in  the  cargo  bay  of  the  Space 
Shuttle  Orbiter.  Overall  system  weight,  including  the  pallet,  is  approximately  2268  kg 
( 5000  lbs) . 


Laser  Transmitter  Module 

The  _Laser  ^Transmitter  _Module  (LTM)  is  a  pressurized  canister  which  contains  the  laser 
oscillator  and  its  associated  optics  and  electronics.  The  layout  of  components  on  the 
optical  bench  inside  the  canister  is  shown  in  Figure  2.  Two  independent  laser  systems  are 
included  in  the  LTM  for  redundancy.  Only  one  laser  system  is  operational  at  a  given  time 
due  to  Shuttle  power  limitations. 

The  Q-switched,  Neodymium-YAG  oscillator  generates  a  180-mJ  pulse  of  laser  energy.  The 
fundamental  wavelength  of  the  oscillator  is  1064  nm.  The  first  amplifier  boosts  the  pulse 
energy  to  500  ra J ,  and  the  second  amplifier  produces  an  output  of  1200  mJ .  The  oscillator 
and  both  amplifiers  are  excited  by  flashlamps. 

After  leaving  the  second  amplifier,  the  laser  beam  is  expanded  and  enters  the  first  har¬ 
monic  generator.  Here  a  CD*A  doubler  crystal  partially  converts  the  fundamental  wavelength 
to  532  nm.  The  remaining  1064  nm  energy  travels  through  the  second  harmonic  generator 
which  contains  a  KD*P  triplet  crystal.  This  crystal  converts  an  additional  portion  of  the 
fundamental  wavelength  to  355  nm .  All  three  wavelengths  are  emitted  simultaneously.  The 
projected  net  energy  per  pulse  is  400  mJ  at  1064  nm,  400  mJ  at  532  nm,  and  150  mJ  at 
3“^ 5  nm. 

The  pulse  rate  of  the  LTM  is  selectable  to  either  one  or  ten  pulses  per  second.  The 
width  of  each  pulse  is  approximately  17  nanoseconds.  The  laser  beam  divergence  is 
1.5  mi  11 i radians . 

The  laser  transmitter  requires  about  2.2  kw  of  electrical  power  during  operation.  Since 
most  of  this  input  energy  is  lost  as  heat,  the  laser  must  be  actively  cooled.  Ethylene 
glycol  circulates  around  the  laser  rods,  and  fans  are  used  to  cool  the  laser  canister  by 
forced  convection.  Excess  heat  is  dumped  into  the  pallet  cooling  system  through  a  heat 
exchanger  . 

The  LTM  optical  bench  is  supported  on  three  internal  kinematic  mounts  which  isolate  it 
from  deformations  in  the  surrounding  canister.  The  canister  is  in  turn  attached  to  the 
experiment  platform  by  three  external  kinematic  mounts.  The  projected  weight  of  the  LTM  is 
227  kg  ( 500  lbs) . 
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Figure  2:  Laser  Transmitter  Module 


Telescope  Assembly 

The  telescope  assembly  consists  of  the  telescope,  the  forward  light  shade,  the  aft  op¬ 
tics  housing,  and  the  telescope  support  structure.  Figure  3  illustrates  the  path  traveled 
by  light  as  it  is  collected  by  the  telescope  and  directed  into  the  aft  optics.  The  tele¬ 
scope  assembly  weighs  approximately  363  kg  (800  lbs). 

The  telescope  is  a  Cassegrainian-type  reflector  with  a  38-inch  diameter  primary  mirror. 
The  primary  mirror  is  made  from  cast  beryllium,  and  has  an  aluminum  reflective  surface. 

The  secondary  mirror  is  made  of  fused  quartz. 


Figure  3:  Telescope  Assembly 

Aft-Optics 

The  aft-optics,  shown  in  Figure  4,  contain  the  optical  detection  elements  which  receive 
and  separate  the  return  signals.  The  optical  components  are  mounted  on  an  aluminum  honey¬ 
comb  optical  bench  which  is  suspended  below  the  primary  mirror.  The  optical  bench  is 
supported  on  three  kinematic  mounts  which  isolate  it  from  deformations  in  the  surrounding 
housing.  A  series  of  mirrors,  lenses,  beam  splitters,  and  filters  separate  the  return 
signal  entering  the  telescope  into  three  channels  of  scientific  data. 

The  532  nm  and  355  nm  spectral  components  of  the  signal  are  detected  by  photomultiplier 
tubes.  The  1064  nm  channel  is  detected  by  an  avalanche  photodiode.  A  variable  field  stop 
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mechanism  can  be  commanded  to  change  the  field  of  view  of  the  instrument  for  either  daytime 
or  nighttime  measurements.  The  field  stop  can  also  protect  the  instrument  by  blocking  in¬ 
coming  light  if  the  sun  shines  directly  into  the  telescope.  A  microchannel-plate  quadrant 
detector  is  used  to  sense  the  alignment  between  the  receiver  axis  and  the  laser  beam  with  a 
portion  of  the  532  nm  signal. 


Bores ight  Assembly 

The  boresight  assembly  is  located  near  the  exit  of  the  laser  transmitter  module.  The 
horizontal  laser  beam  which  emerges  from  the  LTM  canister  is  directed  into  a  vertical  plane 
by  the  boresight  assembly.  A  right-angle  prism  reflects  all  three  laser  wavelengths  by 
total  internal  reflection.  This  eliminates  the  need  for  multiple  coatings  on  the  reflec¬ 
tive  surface. 

Alignment  capability  is  provided  by  actively  controlling  a  steerable  prism  to  maintain 
the  laser  beam  parallel  with  the  telescope  axis.  A  portion  of  the  return  signal  entering 
the  telescope  is  diverted  to  a  quadrant  detector.  This  detector  senses  the  degree  to  which 
the  telescope  image  spot  is  off-center.  A  computer  generates  position  commands  which  are 
sent  to  the  two-axis  gimbaled  prism.  The  gimbaled  prism  steers  the  laser  beam  until  the 
telescope  image  spot  is  centered.  The  laser  beam  can  be  aligned  to  the  receiver  axis 
within  0.05  milliradians  using  this  system. 

The  boresight  assembly  is  designed  to  passively  maintain  alignment  in  the  power  off  con¬ 
dition.  It  will  initiate  a  search  mode  if  a  return  signal  is  not  detected.  Total  beam 
adjustment  range  is  1  degree. 


System  Electronics 


The  system  electronics  consist  of  an  instrument  controller  unit,  a  high-speed  digitizer 
unit,  and  an  engineering  data  system.  The  instrument  controller  monitors  and  controls  the 
operation  of  the  laser  transmitter,  the  boresight  assembly,  and  the  aft  optics  detectors. 

A  programmable  digital  delay  generator  provides  the  range  gate  signal  to  activate  the  de¬ 
tectors  prior  to  signal  return. 

The  high-speed  digitizer  unit  contains  an  analog-to-d ig i ta 1  converter  and  a  buffer  mem¬ 
ory  which  allows  data  from  the  scientific  detectors  to  be  acquired  and  stored  at  a  very 
high  rate.  A  high  data  rate  tape  recorder  located  on  the  aft  flight  deck  of  the  Orbiter  is 
used  for  data  storage.  The  digitizer  also  provides  the  interface  to  the  Space  Shuttle 
Orbiter  for  uplink  commands  and  downlink  data  transfer  at  a  rate  of  2  megabits  per  second. 
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The  engineering  data  system  records  housekeeping  data  from  approximately  300  sensors  on 
the  experiment  during  orbital  operation.  This  data  will  be  analyzed  to  verify  functioning 
of  the  instrument.  The  engineering  data  system  will  acquire  information  on  temperature, 
strain,  pressure,  and  electrical  power. 


LASA  Lidar  Faci 1 ity 

NASA  will  provide  the  LASA  lidar  facility  for  the  EOS  remot e-sens i ng  polar  platform. 

The  EOS  platform  may  be  launched  as  early  as  1995  on  a  Titan  IV  rocket.  Studies  are  pres¬ 
ently  underway  to  define  concepts  for  this  platform.  The  concept  shown  in  Figure  5  repre¬ 
sents  a  generic  complement  of  experiments  which  includes  a  lidar  facility  attached  to  an 
integral  carrier.^  The  basic  carrier  will  furnish  power,  data  handling,  thermal  control, 
and  pointing  control  to  the  lidar  facility. 


Figure  5:  EOS  Polar  Platform 

The  major  scientific  objectives  for  the  LASA  facility  are  to  study  the  distribution  of 
atmospheric  water  vapor,  to  explore  the  role  of  aerosols  and  clouds  in  global  climatic 
change,  and  to  gain  understanding  of  the  processes  that  influence  the  extent  of  the  polar 
ice  cap.^  Altimetry,  backscattered  lidar,  and  DIAL  (Pi f f erential  _Absorption  _Lidar)  tech¬ 
niques  will  be  extensively  employed  to  accomplish  these  broad  goals.  A  DIAL  lidar  system 
compares  the  amount  of  energy  backscattered  at  a  particular  absorption  line  wavelength  to 
that  backscattered  at  an  off-line  reference  wavelength.  This  technique  can  be  used  to  map 
the  distribution  of  water  vapor  and  other  molecular  species.^ 


The  LASA  facility  will  provide  a  telescope,  optical  bench,  data  handling  system,  and  all 
interfaces  to  the  polar  platform.  The  lidar  experiments  are  expected  to  provide  the  laser 
system,  detectors,  back  optics  and  specialized  electronics  since  these  subsystems  are  pe¬ 
culiar  to  the  experiment.  In  order  to  define  the  LASA  facility,  candidate  experiments  were 
proposed  by  an  atmospheric  and  lidar  science  panel.  Most  of  the  proposed  experiments  have 
demonstrated  aircraft  flight  performance,  but  none  have  any  spaceflight  certification.  The 


experiments  span  six  different  laser  technologies  and 
categor ies--those  using  backscattered  lidar  and  those 


can  generally  be  divided 
using  a  DIAL  technique.^ 


into  two 
The  re¬ 


quired  telescope  apertures  for  these  experiments  range  from  0.1  to  2.0  meters.  Electrical 


power  requirements  vary  from  a  few  hundred  watts  to  2000  watts. 


Table  I  lists  the  laser  technology  proposed  by  the  science  panel.  Studies  have  been 
made  to  assess  the  impact  on  the  LASA  facility.  The  studios  considered  available  laser 
technology  and  assumed  the  lasers  to  have  outputs  of  0.5  to  1.0  Joule  per  transmitted 
wavelength.^  Conservative  engineering  assessments  relating  to  thermal  issues,  launch 
environments,  and  requirements  to  package  hardware  in  standard  "orbital  replacement  units" 
have  resulted  in  the  weights  shown.  These  numbers  are  continuing  to  be  refined  as  emerging 
laser  technologies  are  assessed.®  Weights  are  expected  to  be  reduced  significantly  with 
the  advent  of  diode-pumped  laser  systems. 
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The  electrical  power  requirements  for  most  of  the  lasers  are  substantial.  Either  duty 
cycle  operation  or  higher  efficiency  laser  technology  is  required  in  order  to  operate  with¬ 
in  LASA  facility  power  budgets.  The  inefficiency  of  these  lasers  also  dictates  the  need 
for  substantial  systems  to  dissipate  heat.  The  availability  of  the  more  efficient  diode 
array  pumping  techniques  not  only  saves  electrical  power,  it  also  reduces  thermal  systems 
requirements  which  yield  significant  facility  weight  savings. 


TABLE  I 

LASER  SYSTEMS  OPTIONS 


TECHNOLOGY 

WEIGHT  (LBS) 

POWER 

Nd:YAG  3X  Flashlamp 

1050 

2025 

Diode 

710 

435 

Alexandrite  Flashlamp 

1210 

2000 

Ti:Sapphire  Diode 

1005 

1175 

Excimer  2X 

1670 

1335 

COt  Pulse 

1675 

980 

CO 2  CW 

903 

1300 

Baseline 

500 

<1700 

The  availability  of  a  suitable  solid-state,  tunable  laser  offers  the  possibility  of 
having  one  laser  system  that  meets  most  of  the  requirements  of  the  proposed  experiments. 

The  DIAL  technique  could  be  utili2ed  by  having  one  transmitted  wavelength  on  a  molecular 
absorption  line,  and  a  second  wavelength  transmitted  slightly  off  the  absorption  line.  The 
second  wavelength  could  also  be  used  for  harmonic  generation  to  provide  multiple  wave¬ 
lengths  that  would  satisfy  the  backscattered  lidar  techniques.  The  incorporation  of  a 
short  transmitted  pulse  capability  would  satisfy  the  altimetry  portion  of  the  experiment. 

A  laser  meeting  these  requirements  would  have  the  characteristics  in  Table  II. ^ 


TABLE  II 

SUMMARY  OF  SOLID-STATE  LASER  PARAMETERS 


Tuning  range  iOn  -  H2O,  O2  absorption  lines;  <0.5  picometer 

(XOff  -  XOn)  30-100  picometers;  <2  picometer 
Spectral  purity  99%  of  energy  <1  picometer 

Efficiency  >3% 

Energy  per  pulse  0 . 5- 1 . 0  Joule 

Repetition  rate  10  Hertz 

Pulse  length  <100  nanoseconds 

Lifetime  >10®  shots 

Harmonic  generation  fundamental  doubled  and  tripled 


A  concept  for  the  LASA  facility  is  shown  in  Figure  6.  The  baseline  telescope  is  a 
1.25-meter  Dall-Kirkham  type  instrument.  The  concept  accommodates  up  to  three  experiment 
modules.  Each  module  is  assumed  to  be  a  standard  ^rbital  Replacement  jJnit  (ORU)  which  can 
be  replaced  by  the  Shuttle  remote  manipulator  system  or  astronaut  extravehicular  activity. 
Optical  ports  will  be  used  to  permit  steering  of  the  received  light  signal  to  appropriate 
experiment  modules.  A  fluid  coolant  loop  will  provide  thermal  control  for  the  modules. 
Standard  interfaces  will  be  needed  to  permit  future  on-orbit  change-out  or  addition  of  new 
modules.  Evolving  laser  technology  and  experiments  will  be  accommodated  by  on-orbit  addi¬ 
tion  or  exchange  of  ORU's. 
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Abstract 


This  paper  discusses  the  design  of  a  direct-detection  differential  absorption  lidar 
system  capable  of  producing  r an g e- r e so 1 v ed  vapor  concentration  plots  of  a  lOOO-m^  grid 
with  20-m  spatial  resolution  at  10-s  intervals.  The  self-contained,  modular,  mobile 
system  features  four  tunable  A-J,  20-Hz,  TEA  CO2  lasers;  automatic  rapid  tuning  of  one 
laser;  unique  plasma  shutter  pulse  clippers  to  limit  the  pulse  duration  to  130  ns; 
a  16-in.  receiver  telescope  with  full  hemispherical  scanner;  and  a  1  a r g e -c a pa c i t y  data 
system  based  on  a  MicroVAX-II.  The  system  is  housed  in  a  specially  designed  vehicle 
which  features  excellent  environmental  control  and  an  on-board  generator.  The  system 
is  capable  of  detection,  quantification,  and  mapping  of  any  chemical  vapor  clouds  having 
significant  spectral  structure  in  the  9  to  11-pm  region.  The  system  has  a  maximum 
effective  range  of  5  km  in  the  range-resolved  mode  and  20  km  in  the  c o luran -c on t en t  mode. 


System  Design  Coals 

The  design  goals  of  the  d ir ec t -de t ec t ion  differential  absorption  lidar  system  are; 

(1)  Self-contained,  mobile  operation. 

(2)  Column-content  and  range-resolved  concentration  measurement  capability. 

(3)  Detection  of  any  chemical  vapor  having  significant  spectral  structure  in  the 
9  to  ll-pm  region. 

(A)  0.02  mg/m^  sensitivity  to  SF5  at  1  km. 

(5)  360°  scan  capability. 

(6)  Near- r ea 1- t Ime  concentration  map  of  1000-m^  grid  at  10-s  intervals  with  20-m 
resolution. 


System  Specifications 

The  following  l.s  a  partial  list  of  specifications  of  the  lidar  transmitter  and  receiver 


Laser  Transmitter 


•  Lasers 

•  Pulse  width 

•  Energy 

•  Repetition  rate 

•  Wavelength 

•  Beam  divergence 

•  Tuning 


Four  tunable,  pulsed,  TEA  CO2  lasers  (Questek  model  72A0) 
Clipped  with  plasma  shutters  to  130  to  160  ns  (FWHM) 

1.2  J  in  gain-switched  spike  on  10P(20) 

20  Hz 

76  lines  in  the  spectral  region  9.2  to  10.8  urn 
A  rarad 

Automatic  tuning  of  one  laser;  manual  tuning  of  three  lasers 


Receiver 


• 

Telescope 

1  6  -  i  n  . 

Dall-Kir  kham , 

• 

Field  of  view 

5  mrad 

• 

Detector 

HgCdTe 

photovoltaic , 

f  2.  5 

1 iquld-nitrogen-cooled 
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S V stem  Description 

Vehicle  and  Associated  Equipment 

The  vehicle  of  the  lidar  system  is  a  31-ft  Front  Runner  nianufac:tured  by  Wolverine 
Western  (Figure  1),  A  floor  plan  of  the  vehicle  is  shown  in  Figure  2.  A  3()-kW'  Kohler 
generator  mounted  in  the  rear  of  the  van  provides  electrical  power  for  self-sufficient 
operation.  The  van  engine  and  the  generator  engine  use  the  same  fuel  supply.  Hydraulic 
jacks  located  at  each  corner  of  the  vehicle  provide  for  leveling  and  stability.  The 
vehicle  includes  a  custom  climate  control  system  capable  of  temperature  control  to  within 
1°C  to  assure  the  best  lidar  system  performance.  This  dual-purpose  system  also  supplies 
cooling  water  for  the  lidar  package.  Additional  features  Include  built-in  operator 
workstation  and  equipment  racks,  maintenance  workspace,  and  storage.  An  electrical  load 
center  allows  monitoring  of  electrical  power  and  easy  switch  over  from  shore  power  to 
generator  power. 

Lidar  Package 

The  lidar  package  Includes  four  lasers  witli  power  supplies,  plasma  shutter  pulse 
clippers  to  eliminate  the  nitrogen  tall  of  the  laser  pulses,  transmit  and  receive  optics, 
built-in  diagnostics,  and  the  data  acquisition  and  data  processing  subsystems.  The  scanner 
is  mounted  directly  on  top  of  the  lidar  package.  The  only  components  not  included  as 
integral  parts  of  the  lidar  package  are  the  laser  cooler,  the  operator  terminals,  the 
display  monitors,  and  the  tape  drive. 

Figure  3  shows  the  laser  access  end  of  the  lidar  package.  All  subsystem  controls, 
status  Indicators,  and  the  data  subsystem  are  located  for  easy  operation  and  acces.s. 

Access  to  the  laser-tuning  grating. s  is  gained  by  opening  the  laser  access  doors.  Each 
laser  can  be  removed  through  these  doors  for  maintenance.  The  laser  electronic  control 
systems  are  accessible  through  these  doors  without  removing  the  lasers.  Displays  of 
laser  pulse  shape,  energy,  and  wavelength  are  provided  using  digital  readouts  and  a 
digital  oscilloscope.  The  detector  is  readily  accessible  from  the  side  of  the  package. 

Figure  4  shows  the  transmit  and  receive  optics  end  of  the  lidar  package.  The  output 
beams  of  the  four  lasers  are  directed  through  four  plasma  shutter  pulse  clippers  and  are 
combined  by  four  beam- stacking  mirrors.  Most  of  the  beam  energy  is  directed  upward  to 
the  scanner,  but  a  small  fraction  is  directed  to  the  beam  diagnostic  and  raoni'-orlng  system. 
This  consists  of  a  spectrum  analyzer  for  measuring  the  laser  wavelength,  an  X-Y  "rror 
monitor  for  monitoring  beam  pointing,  and  the  transmit  power  monitor.  The  received 
backscatter  signal  is  reflected  from  a  large  turning  mirror  into  the  telescope,  which 
focuses  it  onto  the  1 iq u id -n i t r oge n-coo  1  ed  detector.  The  transmit  and  receive  optics  are 
protected  by  airtight  enclosures  but  easily  accessible  for  alginment  and  maintenance. 

Data  System 

Except  for  operator  terminals,  displays,  and  the  tape  drive,  the  data  acquisition 
and  data  processing  subsystems  are  housed  within  the  lidar  package.  These  are  actually 
two  separate  subsystems  performing  separate  functions.  The  data  acquisition  subsystem 
receives  and  records  lidar  data  during  each  scan.  At  the  end  of  each  scan  it  sends  the 
data  to  the  data  processing  subsystem  for  processing  and  display.  The  two  subsystems 
work  in  parallel  for  the  greatest  data  throughput.  While  the  data  processing  subsystem 
is  processing  data  from  one  scan  and  producing  an  output  plot,  the  data  acquisition 
subsystem  is  recording  data  from  the  next  scan. 

The  data  acquisition  subsystem  consists  of  a  CAMAC  crate  controller,  a  40-MHz  coherent 
clock,  a  two-channel  programmable  gain  amplifier,  and  three  40-MHz,  eight-bit  digitizers. 
One  digitizer  records  the  output  energy  and  the  waveform  of  the  laser  pulse  for  u.se  in 
diagnostics  and  concentration-estimation  algorithms.  The  other  two  digitizers  record  tlie 
lidar  returns  from  the  hlgh-gnin  and  low-gain  channels  of  the  programmable  amplifier. 

Using  the  two  eight-bit  digitizers  with  different  gains  achieves  an  effective  digitization 
capability  of  greater  than  12  bits  at  40  MHz.  The  digitizers  have  the  capacity  to  store 
all  the  data  from  one  complete  scan  of  the  test  grid  (125  LOS  with  a  range  of  1920  m). 

The  heart  of  the  data  processing  subsystem  is  a  DEC  MicroVAX-Il  computer.  While  ttie 
data  acquisition  subsystem  is  recording  data  on  one  scan,  the  data  processing  subsystem 
is  processing  and  displaying  the  data  from  the  previous  scan.  (The  DEC  MicroVAX  computer 
used  for  data  processing  also  controls  the  operation  of  the  entire  lidar  sy.stem.)  ear- 
real-time  data  is  displayed  on  a  19-in.  color  graphics  monitor  and  a  graphics  printer.  All 
data  are  written  to  a  tape  drive  for  post-test  analysis  and  long-term  storage.  Detailed 
post-test  analysis  can  also  be  performed  by  the  MicroVAX  computer. 


704 


E0041 


FIGURE  1  MOBILE  LIDAR  SYSTEM 
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FIGURE  2  FLOOR  PLAN  OF  LIDAR  VAN 
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Abstract 

This  paper  describes  a  compact  CO2  laser  DIAL  system  for  the  selective  detection  of 
natural  gas.  Using  a  novel  frequency-mixing  technique  and  nonlinear  crystals,  the  sensor 
operates  in  the  primary  3-micron  band  where  unique  hydrocarbon  absorption  signatures  exi.st. 
By  careful  selection  of  mixing  frenuencies,  specific  liydrocarbons  can  be  selectively 
detected  or  discriminated.  In  many  applications,  detecting  a  specific  constituent  of  a 
gas,  effectively  and  unambiguously  identifies  the  gas  itself. 


Back 


Improved  detection  of  natural  gas  leaks  is  of  interest  to  the  gas  industry.  At  present, 
gas  survey  trucks  sample  the  air  at  the  street  surface.  The  air  is  then  fed  through  a 
flame  ionization  detector  (FID)  to  detect  methane  that  may  have  leaded  from  a  gas  line 
below  the  street.  This  method  is  relatively  slow,  because  the  truck  can  move  only  a  few 
miles  per  hour,  and  is  limited  in  that  it  cannot  make  remote  measurements  of  areas  that  are 
inaccessible  to  the  truck.  Furthermore,  the  FID  reacts  to  any  hydrocarbon  in  the  air, 
resulting  in  a  high  false  alarm  rate. 

SRI  has  developed  a  new  systemfor  the  Cas  Research  Institute  (GRI)  to  resolve  these 
problems  by  using  laser  remote  sensing  by  differencial  absorption.  Instead  of  detecting 
methane  (the  main  constituent  of  natural  gas),  the  new  system  is  designed  to  selectively 
detect  ethane,  which  is  present  in  natural  gas  at  levels  ranging  between  2.8  to  8.4%,^  but 
otherwise  not  part  of  the  natural  environment.  This  significantly  reduces  the  false-alarm 
probl om . 

Unfortunately,  for  the  strong  absorption  of  ethane  centered  at  3.4  microns,  there  is  no 
significant  overlap  of  existing  laser  lines.  This  problem  has  been  overcome  by  mixing  CO2 
laser  lines  in  nonlinear  optical  crystals  to  provide  a  significant  number  of  new  lines 
around  3.4  microns  from  which  wavelengths  can  be  selected  for  detection  of  ethane  without 
interference  of  methane. 

The  laser  remote  sensor  system  is  designed  for  short-range  detection  from  a  van.  The 
sensor  can  look  50  m  ahead  of  the  vehicle  while  scanning  across  the  street  for  leaks.  The 
scan  pattern  and  a  10-Hz  pulsed  laser  allow  speeds  of  up  to  30  miles  per  hour,  thereby 
greatly  decreasing  the  time  and  expense  renulred  for  surveying.  A  conceptual  example  of 
gas  leak  detection  in  an  urban  area  is  shown  in  Figure  1 . 


System  Description 

The  design  and  development  details  of  this  system  were  presented  at  the  1985  Optical 
Socletyof  America  topical  meeting  on  remote  sensing  of  the  atmosphere  at  Incline  Village, 
Nevada.  Therefore,  only  a  brief  review  of  the  design  will  be  presenu  d  before  describing 
the  system.  Tlie  block  diagram  shown  in  Figure  2  Illustrates  the  major  components  of  the 
system,  which  is  based  on  the  differential  absorption  lidar  (DIAL)  technique.  The  DIAL 
technique  uses  two  closely  spaced  laser  wavelengths  for  vapor  detection:  a  strongly 
absorbed  line  and  a  nonab sorbed  or  weakly  absorbed  line  in  the  IR  vapor  spectrum  of 
Interest.  The  two  wavelengths  are  transmitted  nearly  simultaneously  so  that  the  laser 
beams  pass  through  the  same  atmospheric  path  and  .are  reflected  by  the  same  target  .'hlle  the 
vehicle  is  moving.  If  the  laser  beams  pass  through  a  gas  concentration,  as  Illustrated  in 
Figure  2,  the  absorbed  line  signal  will  be  received  with  much  le.ss  intensity  than  the 
nonabsorbed  signal.  The  .amount  of  difference  in  signal  can  be  processed  to  determine  the 
concentration  of  gas  over  a  given  pathlength. 

The  basic  DIAL  principle  is  straightforward  if  the  choice  of  wavelengths  were  unlimited; 
however,  as  indicated  above,  sources  of  laser  lines  in  the  3-micron  hydrocarbon  band  are 
very  limited.  The  approach  u.sed  in  the  development  of  the  GRI  sensor  is  an  SRI-patented 
teclinique  that  mixes  the  outputs  from  two  mlni-TF.A  CO,  lasers  in  nonlinear  optical  crystals 
to  produce  radiation  at  the  selected  wavelength  in  the  3.4-micron  band.  The  frequency 
mixing  is  illu.strated  in  Figu"  2  bv  the  top  two  lasers.  The  first  laser  outnut,  t-i,  is 
frequency  doubled  in  a  AgGaSe2  second-harmonic  generation  (SHG)  cr^s  al  to  produce  2l.j. 

This  SHG  signal  is  tiien  combined  with  tlic  second  laser  output,  W2,  at  the  input  to  a 


AgGaSeT  summing  (SL'M)  crystal.  Tlif  output  ol  the  SI'.'!  crv.stal,  IG  j  +  .7,  is  the  dcs.rcd 
h i g h - a b s o r p t i o n  line  for  the  detection  of  ethane.  The  nonabsorb.d  line  is  generated  liy 
straight  f  r  e  q  u  e  n  c  v  -  t  r  i  p  1  i  n  g  of  the  third  laser  output,  ujq,  using  .1  AgC.  aSe2  SlIG  and  a 

AgGaSca  STM  i'ryst.,1.  The  two  converted  f  r  c  q  u  enc  i  e  .s ,  d.j  +  .a  .and  d  -  -j  ,  are  tl:en  comfiined 

and  transmitted  as  illustrated. 

Figure  3  is  a  dittgram  of  the  nonlinear  optics  and  h  eam-c  umb  i  n  i  n  g  aseemhly  used  in  Iht 
CRI  sensor.  The  same  nonlinear  mixing  and  b , ara- c omb  i  n  i  n g  functions  described  above  apply 
to  this  assembly.  It  should  be  noted,  however,  that  beam  com  i'ining  is  a  c  c  ora  p  1  i  s  li  e  d  using 
polarization  techniques,  so  a  kno.-iedge  of  the  polarization  states  is  required  to  fullv 
understand  t!ie  b  ea  m- c  oni  b  i  n  1  ag  and  mixing  operations.  The  nonlinear  assembly  is  mounted 
to  a  framework  of  six  invor  rods  that  also  support  the  tiiree  mlni-TEA  la.sers.  This 
transmitter  package,  plus  the  receiving  telescope  and  receiver,  is  housed  in  one  of  three 
nodules,  the  sensor  head  module  is  shown  in  Figure  4.  ''T  e  other  two  modules  are  the 

support  rack,  which  contains  the  ]) recessing  unit,  laser  interface  unit,  and  laser  liigh- 
voltage  power  supply,  and  the  remoce  control  and  display  module.  A  photograph  of  the 
sensor  head  mounted  on  its  scanning  platform  is  shown  in  Figure  5.  A  dust-cover  lid  c:  overs 

the  coaxial  transmit  and  receiver  aperture,  whicli  is  the  larger  of  the  two  apertures  shown. 

The  smaller  aperture  is  for  a  TV  camera  bore sigh  ted  with  the  laser  beam.  Figure  6  is  a 
photograph  of  tiie  entire  GRI  sensor  system. 

Since  the  GRI  sensor  is  to  be  used  in  mobile  operations  the  operator  must  have  a 
convenient  real-time  display.  Figure  7  is  an  example  of  the  GRI  sensor  operator  display. 
The  TV  display  is  bore  sigh  ted  so  that  tlie  center  of  the  display  is  aligned  with  the  zone 
being  interrogated  by  the  laser  beam.  At  the  bottom  of  thevideo  display  is  a  readout  of 
the  processed  concentration  in  ppm-m  units.  Th's  readout  is  updated  at  a  slower  rate 
(1  Hz)  than  the  data  being  collected  (10  Hz)  so  cl:at  the  operator  can  read  the  display.  A 
bar  graph  on  tlie  right  .side  of  the  display  presents  a  color-coded  display  of  ti'e  concentra¬ 
tion  that  is  updated  at  the  sample  rate.  If  the  measured  concentration  is  below  the 
operator-set  alarm  threshold,  the  display  will  be  in  green.  When  a  ga.s  concentration  is 
detected  that  is  above  the  threshold,  an  audio  alarm  is  sounded  and  the  bar  grapli  indica¬ 
tion  above  the  threshold  will  be  displayed  in  red.  Range  to  target  and  time  are  also 
displayeu  so  that  a  VCR  record  can  be  made,  which  will  relate  the  visual  display  to 
digitially  stored  data. 

Test  and  F.va  1  ua  t  i  on 


SR7  is  currently  in  the  system  evaluation  phase  of  the  program  and  performing  calibra¬ 
tion  tests  of  the  system.  The  diagram  in  Figure  8  shows  two  experiments  designed  to  (1) 
determine  the  detection  limits  of  the  system  and  (2)  demonstrate  the  capability  of  the 
.sensor  to  discriminate  between  ethane  and  methane.  Photograplis  of  the  actual  tests  being 
performed  are  shown  in  Figures  9  and  10.  An  example  of  the  methane  discrimination  test 
data  is  shown  in  Figure  11,  which  is  a  strip-chart  '-..pe  presentation  of  the  t  ime- s  eq  uenc  e 
test.  With  time  running  left  to  right,  a  calibrated  gas  mix  consisting  of  12%  ethane  and 
88%  methane  was  injt'Cted  into  the  sample  chamber  at  a  specific  flow  rate  for  1  .second.  The 
sample  chamber  was  then  pumped  out  witli  a  vacuum  pump  until  the  absorbed  line  signal  level 
returned  to  the  level  observed  prior  to  titc  gas  injection.  At  tiiat  time,  the  second 
calibr  -ed  gas  concentration  (6%  ethane/94%  methane)  was  injected  into  the  sample  chamber 
and  tnen  evacuated  as  was  the  first  Injection.  This  same  sequence  was  followed  by  a  1% 
cthane/99/!  methane  gas  mix  and  a  pure  (10i)%)  methane  gas  injection.  The  data  shown  in 
Figure  11  for  the  absorbed  line  (2997  cm“^)  clearly  demonstrate  the  capability  of  the 
.selected  laser  line  to  detect  ethane  and  discriminate  to  methane.  The  reference  line  also 
demonstrates  the  discrimination  to  methane,  but  it  also  indicate.s  that  there  is  some 
absorption  to  ethane.  This  is  due  to  a  small  absorption  coefficient  (4  atm  •  cra”l)  on  this 
line.  This  will  reduce  the  differential  absorption  coefficient  between  the  two  lines  to 
14  atm  '  cm”^  for  DIAI,  ra e a su  -  erne n t s ,  but  otherwise  will  not  affect  operations. 


The  detection  s  'iisitivlty  goal  for  ethane  is  2.3  ppra-ra.  Assuming  an  ethane  gas 
concentration  of  2.8  to  8.4  percent,  this  will  correspond  to  a  natural  gas  leak  detection 
sensitivity  of  approximately  25  to  80  ppra-m.  This  detection  limit  can  be  achieved, 
assuming  the  system  noise  level.s  are  such  that  the  measur,'ment-limiting  noise  mechanism 
is  due  to  speckle  noise  in  the  received  signal.^  it  should  he  mentioned  that  DIAI.  remote 


detection  rae.asureraent  units  (ppm-m)  are  not  directlv  comparable  to 
for  manv  reasons.  However,  it  has  been  estimated  from  earlier  SRI 


FID  measurements  (ppm) 
investigations^  tliat  a 


DIAI.  s  V  s  t  em  sensitivity  between  15  to  30  ppm-m  will  he  required  to  provide  similar 
p  r  o  ha  b  1  1  i  t  v  t?  f  detection  statistics  .ns  the  mob  ’’  1  e  FID.  This  t.-  h  s  e  r  v  a  t  i  o  n  was  b  .n  s  ed  on 
comparison  tests  with  s  i  m  u  1  t  e d  g a  .s  leaks  i> e  t  we  e n  a  mobile  F  T  D  unit  and  the  breadboard 
s  V  s  t  e  ra  .  The  comparison  does  not  take  into  c  o  n  .s  i  d  e  r  a  t  i  o  n  the  i  n  c  r  e  a  s  t' d  c  a  p  a  b  i  1  i  t  i  e  .s  of  a 
mobile  DIM,  remote  sen, or  or  other  opi'rational  modes  of  the  svstem  that  can  Improve  the 


sensitivitv  (i.e.,  integration  ;ode).  The  currently  oh,served  sensitivit.  of  the  GRI  sensor 
is  about  a  factor  of  ten  higher  than  the  di-sired  goal  (t  35  ppm-m).  Tiii.s  indicates  that  a 
noise  function  in  the  system,  rather  than  .speckl,',  i.s  currently  limitin.c  the  sensitivity. 


This  nroblem  is  e.xpected  to  be  resolved  jn  the  near  future. 
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In  summary,  a  compact  CO;  DIAT.  remote  sensor  svstem  that  uses  frecjutMicy  mixing  with 
nonlinear  crystals  has  iu-en  developed  for  natural  gas  pipeline  leak  detection.  The  sense 
has  demonstrated  its  abilitv  to  selectively  detect  ethane,  which  is  j^resent  in  the 
environment  only  in  natural  gas.  This  has  the  potential  of  greatly  reducing  the  false- 
alarra  problems  caused  by  other  hydrocarbons  using  today’s  i' 1 D  technology.  In  addition  to 
the  reduced  false-alarm  rate,  the  remote  sensor  is  much  faster,  can  interrogate  areas  ntJt 
accessible  to  a  mobile  FID,  and  can  be  extended  to  many  applications,  including  airborne 
measurements . 

Re  f  r  e n c  e s 

1.  "Fuel  Gas  Engineering  Practices,"  ^ s _ Engineers*  Handbook ,  First  Edition,  Industrial 

Press,  Inc.,  Section  2,  page  iO  (lfl65). 

2.  "Optical  Remote  Sensing  of  the  Atmosphere,"  Technical  Digest,  p.  ^'027-1, 

(January  15-18,  1985). 

3.  Leonelli,  J.  and  J.  van  der  I.ann,  "Development  of  Improved  Detection  ^or  Natural  Gas, 
GKI  Monthly  Report,  SRI  Project  4492,  SRI  International,  Menlo  Park,  CA 

(1 5  Julv  1 985) - 

4.  Hawley,  J.,  "Development  of  a  Van-Portable  Rc^mote  Sensing  baser  System  for  Selective 
Detection  of  Natural  Gas,”  GRI  Monthly  Report,  SRI  Project  44  92,  SRI  I n t e r na t  i  o na  1  , 
Menlo  Park,  CA  (May  1985). 


FIGURE  1  EXAMPLE  OF  GAS  LEAK  DETECTION  IN  AN  URBAN  AREA 


FIGURE  2  BLOCK  DIAGRAM  OF  NATURALGAS  LEAK  REMOTE  DETECTION  SYSTEM 
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FIGURE  7  GRI  SENSOR  OPERATOR  DISPLAY 


FIGURE  8  CONCENTRATION  MEASUREMENT  EXPERIMENT 
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FIGURE  9  CALIBRATION  TEST  RANGE  (EXPERIMENT  FIGURE  10  TEST  RANGE  SAMPLE  CHAMBER  (GAS 
IN  PROGRESS)  FLOW  CALIBRATION  IN  PROGRESS) 


1 -second  GAS  MIX  FLOW 
ETHANE:  12%  6%  1% 


FIGURE  1 1  METHANE  DISCRIMINATION  TEST  (RAW  RECEIVER  SIGNAL  DATA) 


LOW-PRESSURE  GAIN  CELL  LASER  DETECTOR  OPERATION 
WITH  A  CO2  TRANSVERSELY  EXCITED  ATMOSPHERIC  (TEA)  LASER 
Jan  E.  van  der  Laan,  Russell  Warren,  Johnny  Jones 
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Abstract 


Operation  of 
laser.  Optical 


a  low-pressure  CO,  gain  cell  is  evaluated  experimentally  using  an  unmodified  CO2  mini  TEA 
gains  as  high  as  300  were  observed. 


Background 

Recent  developments  using  a  low-pressure  gain  cell  as  an  optical  amplifier  in  laser  radar  (lidar)  receiver 
applications  have  stimulated  renewed  interest  in  the  technique.  The  concept  of  using  an  optical  amplifier 
in  a  receiver  (as  illustrated  in  Figure  1)  is  not  new#  but  early  work  in  this  area  was  not  encouraging.  A 
gain  factor  of  only  2.5  observed  in  1977  by  Lotspeich^  employing  a  72-cm-long  gain  cell  did  not  justify  the 
added  cost  and  complexity  to  Ildar  systems,  so  interest  inthe  technique  declined. 

In  1985,  Pulse  Systems,  Inc.  (PSI)  Introduced  the  LDP-30,  a  transversely  excited  low-pressure  gain  cell 
amplifier,  and  advertised  it  as  a  laser  detector  preamplifier  for  range-finder  and  lidar  applications. 

Typical  gains  of  the  order  of  1000  for  pulse  durations  of  100  microseconds  were  reported^  for  LDP-30 
operating  at  30  torr.  A  functional  diagram  of  the  LDP-30  is  shown  in  Figure  2.  The  improvement  in  gain  over 
previous  work  is  attributed  to  the  longer  overall  gain  pathlength  (280  cm)  of  the  7-pass  40-cm  cell  and  the 
uniform  transverse  discharge  medium.  In  addition,  the  gains  observed  by  PSI  were  achieved  using  a  low- 
pressure  laser  source  in  the  evaluation  which  has  a  laser  linewldth  equal  to  the  LDP-30  gain  linewidth.  The 
earlier  work  was  performed  using  a  conventional  multimode  longitudinal-discharge  laser,  which  has  a  laser 
line  width  that  is  much  broader  than  the  gain  cell  gain  linewidth.  The  implication  of  this  latter  fact  is 
that  the  power  in  the  laser  output  that  is  outside  the  gain  bandwidth  (in  the  frequency  domain)  of  the  gain 
cell  is  not  amplified,  although  the  gain  measureme,its  were  made  relative  to  the  laser  total  spectral  power 
output. 

Recent  work  by  Chan  and  Bufton^  evaluated  the  LDP-30  using  a  modified  CO2  TEA  laser  that  utilized  a  low- 
pressure  gain  cell  inside  the  laser  cavity.  The  purpose  of  the  intra-cavity  low-pressure  cell  was  to  match 
the  laser  output  linewidth  to  the  LDP-30.  The  reason  for  limiting  the  TEA  laser  spectral  linewidth  is 
discussed  in  more  detail  later  in  this  paper.  Gains  in  excess  of  200  were  observed  using  this  hybrid  CO2  TEA 
laser,  including  a  factor  of  four  optical  insertion  loss  in  the  test  setup. 

The  evaluation  presented  in  this  paper  differs  from  the  above  studies  in  that  a  standard  atnospheric- 
pressure-broadened  CO2  TEA  laser  is  used  to  characterize  the  low-pressure  gain  cell  amplifier.  The  purpose 
of  this  work  was  to  determine  what  improvement,  if  any,  can  be  achieved  using  a  low-pressure  gain  cell 
amplifier  with  an  un"nd-:  f led  CO2  TEA  laser. 


Evaluation 


To  understand  the  difference  between  our  measurements  and  those  conducted  by  other  researchers,  it  is 
necessary  to  review  two  characteristics  of  the  low-pressure  and  atmospheric-pressure  laser  operation: 

(I)  the  temporal  gain  distribution  and  (2)  the  gain  bandwidth.  Figure  3  is  an  example  of  the  temporal  gain 
distribution  of  a  low-pressure  gain  cell,  which  is  similar  to  the  gain  distribution  in  a  low-pressure  laser. 
Note  that  a  significant  gain  (>  50%)  extends  over  several  hundred  microseconds  in  time.  This  is  very 
desirable  in  receiver  optical  amplifier  applications  where  it  is  now  known  at  what  time  or  range  the  signal 
to  be  amplified  will  be  received.  On  the  other  hand,  in  a  laser  application,  this  long  gain  period  results 
in  a  very  long  laser  pulsewidth.  The  long  pulsewidth  of  low-pressure  lasers  generally  precludes  its  use  in 
many  lidar  applications,  unless  some  means  to  limit  the  pulse  width  is  employed.  While  several  techniques 
are  available  to  reduce  the  pulse  width,  all  add  complexity  to  the  system  and  reduce  the  output  power. 

The  hybrid  CO2  TEA  laser  mentioned  above  is  actually  an  example  of  one  technique  used  to  reduce  the 
pulsewidth.  Operating  at  atmospheric  pressure,  the  TEA  laser  has  a  very  short  temporal  gain  characteristic 
which  produces  a  pulsewidth  of  less  than  a  few  hundred  nanoseconds.  To  help  visualize  this  difference  in 
pulsewidth,  one  can  consider  the  width  of  the  time  marks  shown  in  Figure  3  to  be  a  fair  representation  of  the 
TEA  laser  pulsewidth.  Unfortunately,  for  the  laser  case,  the  pressure  effect  that  reduces  the  temporal  gain 
has  '.he  opposite  effect  on  the  radiation  bandwidth.  This  is  illustrated  in  Figure  4,  wliich  sliows  the  gain 
bandwidth  difference  between  a  20-torr  CO2  plasma  and  a  pressure-broadened  TEA  laser  (760  torr)  plasma. 
Observing  the  gain  bandwidth  of  the  two  gain  mediums,  it  is  not  difficult  to  understand  why  a  bandwidth- 
limiting  modification  seems  necessary  to  achieve  high  gains,  since  only  the  frequencies  within  the  gain 
bandwidth  of  the  20-torr  curve  will  be  amplified.  In  our  investigation  we  operated  the  gain  cell  at  a  lilgher 
pressure  (80  torr)  to  increase  the  gain  bandwidth  so  that  a  larger  amount  of  the  TEA  laser  spectrum  would  be 
amplified.  Figure  5  shows  that  the  gain  bandwidth  is  Increased  to  about  500  MHz  at  80  torr.  This  is  still 
only  about  15%  of  the  bandwidth  of  the  TEA  laser,  which  suggests  tiiat  the  net  gain  we  should  expect  will 
still  be  significantly  lower  than  those  reported  previously,  where  efforts  were  made  to  match  the  linewldths 
of  the  laser  to  the  gain  cell. 
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Figure  6  is  a  functional  diagram  of  the  test  configuration  we  used  to  cliaracterize  the  gain  cell 
operation.  First,  a  linearity  test  was  made  to  verify  that  the  measurements  were  being  conducted  in  a 
linear  range  of  the  amplifier.  Results  of  this  test  are  shown  in  Figure  7  which  clearly  indicates  tljat, 
for  signal  levels  below  30  mJ,  that  linear  operation  is  achieved. 

The  second  test  was  designed  to  measure  the  temporal  gain  distribution  of  tlie  gain  cell.  The  measurement 
was  made  by  recording  the  relative  gain  as  a  function  of  laser  firing  time  with  respect  to  the  firing  time 
of  the  gain  cell.  The  results  of  this  test  are  shown  in  Figure  8  which  also  shows  the  gain  profile  of  the 
20-torr  amplifier  for  comparison.  Again,  tlie  pressure  effect  on  tlie  temporal  gain  is  clearly  observed. 

The  third  test  was  ttic  gain  measurement,  which  was  conducted  by  first  measuring  the  attenuated  laser  beam 
through  the  gain  cell  with  the  gain  cell  off  and  then  with  the  gain  cell  on.  To  achieve  tlie  highest  gain, 
the  laser  timing  was  delayed  with  respect  to  the  gain  cell  firing  so  that  the  laser  signal  passed  through 
the  cell  at  the  peak  of  the  gain  cell  temporal  gain  profile.  Photographic  results  of  one  test  are  shown  in 
Figure  9,  which  clearly  demonstrates  the  amplifier  off/on  conditions.  The  peak  amplitude  in  this  test 
corresponded  to  an  energy  gain  measurement  of  200.  This  result  was  surprisingly  higher  than  we  had 
anticipated  based  on  the  comparison  between  gain  bandwidths  discussed  earlier. 

To  resolve  this  apparent  anomaly,  we  performed  an  analysis  of  the  laser  configuration  that  provides  the 
most  probable  explanation  for  the  high  gains  observed.  The  minl-TEA  laser  used  in  our  test  operates  in  the 
TEMqq  mode,  but  the  laser  does  support  a  number  of  axial  modes.  Axial  mode  beating  during  the  laser  pulse 
will  affect  the  distribution  of  spectral  power  over  the  TEA  laser  3-  to  4-GHz  gain  bandwidth.  As  a  result 
of  this  axial  mode  interaction,  the  spectral  power  is  redistributed  over  the  full  gain  envelope  into  a  comb 
of  seven  lines,  each  having  a  FWHM  gain  of  approximately  50  MHz  as  illustrated  in  Figure  10.  By  adjusting 
the  TEA  laser  cavity  length,  the  comb  of  laser  lines  can  be  shifted  so  that  the  peak  axial  mode  is  centered 
on  the  gain  cell  bandwidth  as  shown.  Wien  aligned  in  this  manner,  the  axial  mode  that  lies  within  the  gain 
cell  gain  spectrum  will  be  amplified  the  maximum  amount  achievable.  However,  since  our  gain  reference  is 
based  on  total  laser  output  (i.e.,  all  modes),  the  net  gain  will  be  reduced  by  the  percent  of  total  energy 
contained  in  the  unamplified  axial  modes.  Nevertheless,  the  net  gain  due  to  the  axial  mode  redistribution 
of  spectral  power  is  significantly  higher  than  it  would  be  if  tbe  spectral  power  were  evenly  distributed 
under  the  atmospheric  gain  envelope.  The  gain  measurements  were  made  on  the  10-mlcron  R-22  laser  transition. 
Each  laser  line  transition  throughout  the  CO2  laser  spectrum  will  have  a  similar  spectral  line  power 
distribution  centered  around  the  transition  center  frequency. 

It  should  also  be  noted  that  the  high  gains  observed  in  our  evaluations  cannot  be  fully  appreciated  using 
our  current  TEA  laser  system  because  of  stability  problems.  Pulse-to-pulse  frequency  shifts  of  the  axial 
mode  relative  to  the  gain-cell  center  frequency  result  in  fluctuations  in  the  gain,  which  can  be  observed 
in  Figure  9  where  10  shots  are  overlayed.  This  gain  fluctuation  in  our  setup  is  currently  the  noise-limiting 
mechanism  rather  than  background  or  spontaneous  emission  noise.  No  attempt  was  made  to  stabilize  our  laser. 


Summary 

In  summary,  optical  amplification  gains  as  high  as  300  were  observed  using  a  standard  mini-TEA  laser 
source  with  a  low-pressure,  gain  cell  optical  amplifier.  The  high  gains  observed  are  attributed  to  the 
reasonably  good  match  in  gain  bandwidth  between  the  low-pressure  optical  amplifier  and  axial  modes  of  the 
TEA  laser.  These  results  indicate  that  a  standard  CO2  mini-TEA  laser  configuration  can  be  used  with  a  low- 
pressure  optical  amplifier  in  lidar  applications  if  the  axial  modes  can  be  stabilized. 
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HIGH-SENSITIVITY  REMOTE  LASER  SPECTROSCOPY  USING  BEHAVIOR  OF  NONLINEAR 
OPTICAL  SYSTEMS  IN  THE  VICINITY  OF  CRITICAL  POINTS 
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Abstract 


The  feasibility  of  enhancing  the  sensitivity  of  remote  laser  spectroscopy  using  a 
double-frequency  laser-reception  lidar  system  or  that  based  on  a  parametric  oscillator  is 
discussed. 


I .  Introduction 

Using  a  well-known  peculiarity  inherent  in  the  behavior  of  nonlinear  optical  systems 
in  the  vicinity  of  critical  points,  namely,  the  macroscopic  effects  caused  by  low  external 
perturbations,  the  feasibility  of  increasing  the  sensitivity  of  remote  laser  spectroscopy 
has  been  studied. 

To  this  end,  the  design  features  of  a  double-frequency  laser-reception  lidar  system 
have  been  examined.  Then  the  laser  field  behavior  under  the  near-threshold  conditions  on 
the  competing  laser  transition  and  their  influence  on  the  field  dynamics  during  the  recep¬ 
tion  of  a  lidar  return  at  the  fundamental  frequency  have  been  analyzed.  In  so  doing,  the 
minimum  detectable  lidar  return  of  the  system  has  been  estimated  to  decrease  by  a  factor 
of  10  to  100. 

Based  on  the  theoretical  results,  a  CO2  laser-reception  gas  analyzer  operating  at  4.3 
and  10.6  nm  has  been  developed  and  used  for  measuring  the  absorption  coefficient  along 
real  atmospheric  paths.  The  experimental  data  obtained  are  presented. 

The  paper  also  discusses  the  problem  of  remote  atmospheric  sounding  by  means  of  the 
conventional  DIAL  technique  using  a  parametric  laser  oscillator  as  a  transceiver,  "^he 
theoretical  analysis  shows  that,  for  the  parametric  oscillation  in  the  neighborhood  of  the 
critical  point,  the  field  fluctuations  are  low,  which  provides  enhanced  sensitivity  of 
remote  laser  spectroscopy. 


I I .  Double-Frequency  Parametric  Laser-Recept ion  Lidar 

The  use  of  the  lidar  return  laser-reception  technique  for  remote  atmospheric  gas 
analysis  was  proposed  by  Godlevsky  et  al.^  Theoretical  and  experimental  studies  of  a 
parametric  laser-reception  lidar  (PLRL)  designed  for  measuring  the  absorption  coefficient 
along  atmospheric  paths  were  reported  in  Ref.  2.  The  lidar  system  made  use  of  the  laser 
radiation  modulated  by  the  oscillations  of  the  output  cavity  mirror.  The  structure  of  the 
resulting  field  produced  by  the  intracavity  wave  mixing  of  the  laser  output  with  the 
delayed  lidar  return  provided  information  on  the  atmospheric  absorption. 

The  feasibility  of  enhancing  the  sensitivity  of  remote  gas  analysis  using  a  lidar 
system  based  on  a  double-frequency  laser  is  considered.  The  laser  emits  on  two  competing 
transitions,  which  allows  an  operational  regime  to  be  chosen  where  the  field  in  one  of  the 
modes  is  near  the  critical  point,  e.g.,  near  threshold.  The  mode  coupling  and  high  sensi¬ 
tivity  of  th .  subthreshold  mode  to  external  perturbations  dramatically  increase  the 
responsivity  of  the  entire  system.  In  what  follows  we  present  a  preliminary  theoretical 
analysis  of  the  laser-reception  lidar,  describe  the  experimental  set-up  including  a  double¬ 
frequency  CO2  laser^  employed  both  as  a  transmitter  (X  =  4.3  and  10.6  jim;  the  laser  tran¬ 
sitions  R2n  and  P2n)  and  a  detector,  and  discuss  the  results  obtained  from  remote  sensing 
of  the  real  atmosphere. 


A.  Theory 

The  laser  operation  on  the  transitions  of  the  A-type  (see  Fig.  1)  has  been  analyzed 
in  terms  of  the  conventional  semiclassical  laser  theory.^  The  adiabatic  elimination  of 
the  atomic  variables  and  nonlinear  term  series  expansion  in  the  vicinity  of  the  stationary 
point  lead  to  the  following  set  of  coupled  equations  for  the  field  in  the  laser  cavity. 
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Here  xi  and  X2  are  the  decay  constants  for  the  fields  within  the  cavity  at  the  frequencies 
£ji  and  tJ2'  respectively;  and  a;Bi  2  are  constants  determined  from  the  steady-state  solu¬ 
tion. ' 


Fig.  2 


A  schemat'c  diagram  of  lidar  sounding  is  shown  in  Fig.  2,  where  Rq  1  2  a*"®  mirror 
reflectivities;  Tq  is  the  output  mirror  transmission  factor;  1  is  the  l4s4r  cavity  length; 
L  is  the  range,  i.e.,  the  distance  from  the  natural  retroref lector;  e'*'  and  e“  are  the 
probing  signal  and  laser  return  fields,  respectively;  a(t)  describes  the  reciprocating 
motion  of  the  output  mirror  caused  by  its  oscillations. 

The  field  in  the  atmosphere  satisfies  Maxwell  equations  (the  atmospheric  absorption 
is  assumed  to  be  linear): 

(i  ^  ±  ^  +  G)«±(z,t)  =  0  (2) 

c  9t  9z 


As  seen  from  Fig.  2,  the  boundary  conditions  relating  the  cavity  field  with  that  in  the 


atmosphere  are  as  follows: 

Ej,2(-e,t)  =  RiEi  2(-2't)  (3) 
E2(0,t)  =  RoE5(0,t)  (4) 
Ei(a(t),t)  =  RoEj(a(t),t)  +  i’£"(a(t),t)  (5) 
e^(a(t),t)  =  TEi(a(t),t)  +  Roe“(a{t),t)  (6) 
e"(L,t)  =  R2£'^(L,t)  (7) 


Equation  (2)  accounted  for  in  Eq.  (5)  can  be  recast  in  a  more  manageable  form  at  th  ,*  rest 
point  of  the  output  mirror: 


Ei(0,t)  a  (1  +  2xia(t))[RoEi(0,t) 


+  ^  ^Ei(0,t  -  — )] 

^  c 


(5*) 
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Equation  (5*)  is  derived  subject  to  the  obvious  condition  a(t)  <<  c.^  Eliminating  from 
Eq.  (2)  the  space  variables  and  passing  to  the  real  variables  r  and  <l>  for  the  field: 

E  -  re^^,  yield  a  set  of  the  nonlinear  differential  equations  with  the  delay  term: 


cR-^(l-2X]^a(t) ) 


XjCt)  +  XjX^Ct)  g 

+  B;^[X^(t)  +  Y|(t)]} 


Yi(t)  =  cX]^(t){ai[xf  (t)  +  Y^(t)] 
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Yi(t)  +  XiYi(t)  -  — - r— i -  {Xi(t)exp[i(^J(0,t)  -  ^i(0,t))]  -  R2T%(t  -  — ) 


*exp[i(«J(0,t  -  — )  -  «5[(0,t))]}  =  cYi(t){aitX^(t)  +  Y^(t)]  +  Bi[X^(t)  +  Y|(t)]} 
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*2^2  “  ^2  ==  cX2{a2(X^  +  Y^ )  +  B2(X^  +  Y^)) 
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Y2  +  X2^2  ”  -o~  ^2  =  cY2{a2(X^  +  Y^ )  +  B2(X^  +  Y^)l 
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(-  +  - — )  4)1  2(Xft)  =  0 
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where 


Yi^2(t)  = 


x 


1,2 


(1  +  Xi^22)c 
8 


Because  of  the  cubic  nonlinearity  and  delayed  arguments  involved,  the  set  of  Eqs.  (6)-(10) 
is  intractable  for  analytic  investigation.  However,  a  preliminary  analysis  of  Eqs.  (6)-(8) 
made  under  certain  simplifying  assumptions  indicates  that  the  lidar  sensibility  can  be 
increased  by  establishing  the  near-threshold  conditions  for  the  field  Et.  it  is  the 
behavior  of  the  field  at  the  frequency  that  reflects  the  lidar  return  changes  caused  by 
the  atmospheric  absorption  at  the  frequency  The  analytical  estimation  shows  that  the 

threshold  character  of  laser  generation  and  the  nonlinear  coupling  between  the  fields  Ej 
and  E2  within  the  laser  cavity  lead  to  a  10-100  fold  decrease  of  the  minimum  detectable 
lidar  return  of  the  system  as  compared  to  PLRL  technique.^ 

B.  Experiment 

The  experimental  program  was  aimed  at  the  examination  of  the  kinetic  characteristics 
of  a  CO2  laser  where  a  lidar  return  injected  into  the  cavity  initiated  simultaneous  laser 
action  on  two  competing  transitions.  The  laser  sensitivity  (SNR)  was  also  measured  for  a 
single-  and  double-frequency  operation. 
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An  optical  scheme  of  the  experimental  lidar  system  is  shown  in  Fig.  3. 

The  laser  employs  a  standard  sealed-off  tube.  The  laser  cavity  configuration  provides 
simultaneous  lasing  at  two  wavelengths  in  the  bands  00°-l-10°0,  00°-02°0  within  one  vibra¬ 
tional  branch.  The  wavelength  tuning  is  made  by  rotating  the  mirrors  Ri ,R2  around  their 
axes.  Fine  adjustment  is  affected  by  applying  a  voltage  pulse  to  the  electrodes  of  piezo¬ 
electric  transducers  whereat  the  mirrors  are  mounted.  CO2  laser  radiation  is  passed 
through  the  zero  diffraction  order  of  the  grazing-incidence  diffraction  grating  D  1,  split 
up  by  another  grating  D  2  set  for  the  second  diffraction  order,  and  focused  onto  the  photo¬ 
detector  2  by  means  of  GaAs  semitransmitting  plates.  The  lidar  return  backscattered  by  a 
moving  target  is  phase-  and  frequency-modulated  due  to  the  Doppler  effect.  NaCl ,  BaF2 
plates,  rough  metal  surfaces,  bricks,  trees,  etc.  were  used  as  retroref lectors . 

Figure  4  shows  oscillograp.i  traces  of  the  laser  kinetics  for  a  single-mode  operation. 
The  injected  frequency  modulation  is  due  to  a  uniform  motion  of  the  brick  target  (4  and 
2  cm/s).  A  variable  component  is  seen  to  appear  in  the  laser  kinetics  curve  at  a  frequency 
of  £j  =  2(KV)cos(kv) ,  where  k  and  v  are  the  incident  wave  vector  and  the  linear  target 
velocity,  respectively. 
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Fig.  4 

For  a  double-wavelength  operation  on  the  transitions  coupled  through  a  common  energy  level, 
any  modulation  in  the  laser  kinetics  at  one  of  the  frequencies  would  be  manifested  in  the 
kinetics  of  the  other  mode.  Figure  5  illustrates  laser  kinetics  oscillograms  for  the 
lasing  on  two  completing  transitions.  The  phase  of  the  injected  signal  is  changed.  It  is 
readily  seen  that  the  backscatter  frequency  is  shifted  relative  to  that  of  the  reference 
beam. 


Fig.  5 
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Figure  f  shows  a  spectrogram  of  the  double-frequency  laser  kinetics  on  the  transitions 
ROOjj^Q  and  P(30)]^q  coupled  via  a  common  lower  level.  The  two  pronounced  maxima  corre¬ 
spond  to  the  frequencies  due  to  the  Doppler  shift  of  the  carrier  light  frequencies.  The 
signal  in  the  low-frequency  region  of  the  trace  is  induced  by  laser  noise. 


Fig.  6 


The  variation  of  the  laser  sensitivity  with  the  return  intensity  backscattered  into 
the  laser  cavity  by  the  illuminated  target  was  studied  by  means  of  BaF2  and  NaCl  attenu¬ 
ating  plates  with  a  known  transmission. 

Figure  7  depicts  the  photodetector  variable  component  at  the  modulation  frequency 
(synchronous  detection)  as  a  function  of  the  effective  target  reflectivity  Rpff  propor¬ 
tional  to  the  lidar  return  intensity.  This  relationship  is  well  approximated  by  the 
expression  K/Rpj £ ,  where  the  proportionality  factor  K  depending  on  the  laser  regime  has 
the  largest  value  near  the  lasing  threshold.  Far  below  threshold,  K  shows  an  appreciable 
decrease.  In  the  case  of  interest,  K  ~  200.  For  the  dual-frequency  operation,  the  laser 
sensitivity  is  strongly  affected  by  the  intensity  ratio  on  the  laser  transitions.  It  is 
found  experimentally  that  the  minimum  detectable  lidar  return  of  the  system  is  observed  to 
occur  for  the  highest  intensity  ratio. 


Fig.  8 


Figure  8  shows  the  effect  of  the  optical  depth  t  on  the  laser  response  normalized  to 
its  maximum  value  for  t  =  0,  Rgff  =  0.3,  Curve  1  represents  single-mode  laser  action  on 
the  transition  R(20)iq.  Curve  2  illustrates  double-wavelength  laser  operation  on  the  com¬ 
peting  transitions  Rl^Oi^^O  P(20)j^q  for  the  intensity  ratio  IR( 20 ) 20 ) ^^0  =  3. 

Curve  3  depicts  the  same  as  in  Curve  2  for  IR( 20 ) j^q/IPI 20 ) =  8. 
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III.  REMOTE  GAS  ANALYSIS  BASED  ON  PARAMETRIC  LASER  OSCILLATIONS 

The  parametric  laser  oscillation  method  and  the  relevant  wavelength-tuning  schemes 
were  put  forward  by  Akhmanov  and  Khokhlov,  Kroll,”  and  Kingston.'  The  remote  sounding  of 
the  atmospheric  gas  absorption  proposed  in  this  work  is  based  on  the  use  of  parametric 
laser  oscillators  (PLO)  and  DIAL  technique.  It  can  be  summarized  as  follows.  The  pumping 
laser  output  Aoq  at  a  frequency  «o  enters  PLO  cavity  (see  Fig.  8).  Due  to  the  nonlinear 
interaction  between  A3Q  and  the  fluctuating  field  within  the  nonlinear  crystal,  the  pumping 
wave  is  converted  into  the  modes  for  which  the  wave  synchronism  relation 

its  =  ici  +  icj  (11) 

is  valid. 

Under  certain  conditions  to  be  discussed  later  there  appear  light  waves  at  cjj  and  £^2- 
In  the  general  case,  and  ^2  can  be  taken  to  be  arbitrary  but  they  are  to  satisfy  the 
relation  cjo  =  +02-  It  is  of  practical  interest  to  consider  the  situation  where  0)3  is 

tuned  in  tne  centre  of  the  absorption  band,  while  or  0)2  falls  at  the  absorption  edge. 
After  the  delay  time  t  =  21  (1  is  the  distance  from  the  probed  volume)  the  return  signal 
reenters  PLO,  providing  high  immunity  against  incoherent  background  noise,  i.e.,  PLO  oper¬ 
ates  both  as  a  light  source  and  a  narrow-band  receiver.  Simultaneous  soundings  can  be 
carried  out  at  the  three  frequencies.  The  photodetector  eventually  measures  the  inten¬ 
sities  1“^  and  1“’  (see  Fig.  9).  The  minimum  detectable  echo  for  the  experimental  outputs 
l“*  and  l"»  will  be  shown  to  have  the  lowest  value  for  the  parametric  laser  oscillation 
slightly  above  threshold. 


Fig.  9 


The  proposed  method  is  described  by  the  set  of  equations  of  the  form 

Aj  =  -71^3  -  iG2^[A3(zQ,t)  +  E3]A2  +  ; 

A2  =  ”*^2^2  ”  iG2[A3(zQ,t)  +  E3]A2  E2  ;  (12) 

A3 f Zq , t )  =  A3Q(t)  -  iG3A3A2ZQ/ ( 2L ) 


The  external  fields  2  3  can  be  expressed  in  terms  of  the  optical  characteristics 

of  the  atmospheric  path  and  the  parametric  laser  oscillator  to  yield: 

El  =  /l  -  rI  0ie-2xie  Ai  ; 
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(13) 


E2  =  /l  -  A2  ; 

E3  =  /33e”^*3®  A3(zQ,t) 

where  Av/l  -  R?  is  the  probing  field;  x  is  the  attenuation  coefficient  along  the  atmo¬ 
spheric  path  length  1;  R  is  the  target  reflection  coefficient. 

Rearranging  r.h.s.  of  Eq.  (12)  to  rewrite  the  bifurcation  and  nonlinear  terms  in 
explicit  form  gives 


Ai  =  (-71  +  ^i)Ai  -  iGjd  +  X3)A3oA2  - 


^1^3^o 
“2L 


A2  =  (~72  ~  iG2(l  +  ^3)^30^! 


®2^3^o 
2L 


(1  +  X3 )  I A2  I  ^A]^  ; 


(1  +  X3) |a^ I  A2  ; 


Xfc  =  -  R^  e  2Xk2  ;  k  =  1,2,3 


(14) 


The  formula  for  the  threshold  pumping  value  in  the  presence  of  the  external  signals 
E3,  E2r  E3  reads 


lA^hr|2  _  -  M)<T^2  -  ^2) 

'30  '  ■  (1  +  X3)GiG2 


(15) 


The  return  signal  at  a  probing  laser  frequency  reduces  hard  excitation  threshold  for 
parametric  oscillations.  The  quasi-stationary  solution  to  the  equation  for  the  measured 
intensities  is  of  the  form 


72  -  X2  = 


®2®3^3'  ^3)* 


do  I 


1  +  Xi 


GiG| 


-  hid  >  12) 


G^d  +  ^3^i2 

1  +  X3  GiG| 

^  2(7i-Xi)  2 


(16) 


The  equation  for  is  derived  upon  substitution  of  the  indices  2  -♦  1  in  Eq.  (10).  The 
minimum  detectable  return,  say  for  13,  is  estimated  by  finding  the  ratio  ^12/12  from 
Eq.  d6).  In  doing  so,  ,  nly  the  cubic  nonlinearity  with  respect  to  the  intensity  is  taken 
into  account.  As  a  result,  AI2/I2  the  form 


AI2 


5 

(5-1) 


2X3) 


(17) 


where  5  =  13/1^^’^  ,  I3  >  I^*’^ 


It  follows  from  Eq.  (17)  that  the  parametric  laser  oscillation  above  threshold  is 
most  sensitive  to  the  proposed  sounding  scheme.  The  resonance  denominator  (6-1)  ^  is 
responsible  for  the  abrupt  enhancement  of  the  lidar  sensitivity  in  this  regime.  The 
detectable  limit  would  be  set  by  the  pumping  fluctuations,  thermal  and  spontaneous  emission 
noises  induced  by  the  nonlinear  crystal. 

The  available  PLO's  suggest  that  a  value  of  (6-1)  on  the  order  of  10”3  is  practical 
without  making  any  special  provisions  against  the  fluctuations.  Moreover,  the  resonance 
denominator  can  be  made  even  smaller  by  using  a  nonlinear  absorption  cell  to  optimize  the 
pump  field  parameters. 
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IV.  CONCLUSIONS 


Research  into  the  feasibility  of  enhancing  the  sensitivity  of  remote  gas  analysis  has 
been  carried  out.  The  theoretical  investigation  and  experimental  evidence  show  that 
nonlinear  optical  systems  offer  good  promise  as  low-power  lidar  return  detectors.  Their 
high-sensitivity  detection  capability  is  of  critical  importance  because  weak  echo  signals 
provide  information  on  the  laser  beam  attenuation  by  atmospheric  gaseous  constituents. 

Thus  the  nonlinear  optical  systems  prove  to  be  an  excellent  implementation  of  the  general 
concept  of  a  measuring  instrument. 
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Abstract 


This  paper  describes  a  laser 
mean  power  of  about  1  W  at  each 
diffraction  limit.  The  complex 
also  involves  nonlinear  crystal 


complex  emitting  at  six  wavelengths  simultaneously  with  a 
of  them  at  PRF  of  5  kHz  and  beam  widths  close  to  the 
used  copper-vapor  lasers  for  pumping  the  dye-lasers  and 
frequency  converters. 


Introduction 


The  investigations  carried  out  at  the  Institute  of  Atmospheric  Optics  showed  the  per¬ 
spective  and  possibility  of  making  a  combined  lidar  sensing  station  for  monitoring  the 
atmosphere  through  its  entire  depth  in  the  interests  of  weather  and  climate  formation 
studies.^  The  station  "KOLIS"  based  on  a  2  m  diameter  mirror  is  under  construction  now. 

It  will  allow  us  to  measure  simultaneously  vertical  profiles  of  humidity,  temperature, 
pressure,  and  aerosol  microphysical  parameters  including  high-altitude  lidar-ratio 
profiles . 

In  the  multifrequency  aerosol  sounding  method  to  be  used,  three  or  four  sounding  radia¬ 
tion  lines  located  at  80-100  nm  intervals  in  the  atmospheric  transmission  windows  should 

O 

be  available.  Hence,  the  line  width  may  be  (10-40)  A  and  the  wavelength  reproducibility 

O 

~1  A. 


Experiments  and  Results 

The  differential  absorption  method  requires  two  adjacent  narrow  lines  with  high  stabil¬ 
ity  to  be  available  and  imposed  rigorous  demands  to  the  spectral  parameters  of  laser  radi¬ 
ation.  The  emission  line  width  should  not  exceed  0.01  cm~^,  and  the  wavelength  stability 
should  be  better  than  5  x  10“^.  It  should  be  noted  that  one  line  (588.0734  nm)  must  cor¬ 
respond  to  the  H2O  molecule  absorption  line  maximum,  and  the  other  one  must  be  in  the 
absorption  line  wing  of  this  molecule.  Moreover,  to  provide  the  required  restitution 
accuracies  of  humidity  and  temperature  profiles  based  on  the  data  of  lidar  sounding,  at 
least,  in  the  troposphere,  the  mean  laser-radiation  power  should  be  higher  than  1  W  at  a 
pulse  repetition  rate  not  higher  than  10  kHz.  These  requirements  together  with  the  demands 
of  narrow  and  stable  angular  apertures  of  all  the  laser  beams  are  the  basis  of  the  lidar 
transmitter  developed.  The  requirements  to  the  laser  transmitter  are  summarized  in  Table  I. 
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Table  I 


Parameters  of  radiation 


Sensing  Techniques 


Multiwavelengths 

DIAL 

Raman 

Mean  power  of  laser 
beam,  W 

1.0 

1.0 

>  10.0 

Pulse  repetition  rate, 
kHz 

3-5 

3-5 

3-5 

Pulse  duration,  ns 

10-30 

10-30 

10-30 

Beam  divergence,  mrad 

0.5 

0.5 

0.5 

Wavelength,  nm 

Xj  =  510.6 

X2  =  578.2 

X3  =  654.0 

X4  -  588.0734 

X5  =  594.2572 

Xi  =  510.6 
X,  =  578.2 
Xg  =  271.2 

Spectral  width,  nm 

<  1.0 

3.5  X  10"^ 

- 

Wavelength  reproducibility, 
relative  units 

5  X  10"^ 

5  X  10"’^ 

The  most  powerful  and  effective  visible  laser  is  a  copper-vapor  laser,  which  was  chosen 
as  a  radiation  source  in  the  yellow-green  region  for  aerosol  sounding,  for  sounding  by  the 
Raman  spectroscopy  method  and  as  a  source  for  pumping  dye-solution  tunable  lasers.  To 
increase  its  energy  parameters,  the  copper-vapor  laser  operating  in  the  master  generator- 
amplifier  mode  is  used.  The  same  mode  is  applied  for  increasing  the  energy  parameters  of 
narrow-band  dye  lasers. 

Table  II  gives  some  energy  characteristics  of  laboratory  models  of  the  lasers  operating 
in  both  the  generator  and  generator-amplifier  modes  with  the  use  of  different  types  of 
excitation. 

The  output  radiation  power  was  measured  with  a  telescopic  activity  (M  =  14)  for  the 
gas-discharge  tubes  (GOT)  of  15  and  27  mm  diameters.  The  mean  radiation  power  with 
0.2  mrad  divergence  for  a  gas-discharge  tube  of  15  mm  diameter  was  2.4  w  and  for  GDT  of 
27  mm  diameter  it  was  8.8  W.  The  fifth  and  sixth  lines  of  Table  II  present  the  results  of 
testing  two-  and  three-cascade  laser  systems.  In  the  two-cascade  system,  an  optical  delay 
of  6  m  was  used  between  the  generator  and  the  amplifier.  In  the  three-cascade  system,  a 
collimator  for  34  mm  expansion  of  the  beam  and  a  spatial  selector  in  the  form  of  diaphragm 
were  placed  between  the  generator  and  the  first  amplifier.  In  this  case  the  optical  delay 
was  4  m.  The  generator  in  the  three-cascade  system  operated  with  a  telescopic  cavity,  and 
the  total  mean  generation  power  given  in  Table  II  was  the  power  in  the  beam  with 
diffraction  divergence. 


The  generation  pulse  of  the  system  "generator-amplifier"  has  the  same  shape  that  the 
master  generator  and  it  was  somewhat  longer  in  duration.  The  maximum  power  of  the  system 
was  obtained  at  20  ns  delay  of  the  generator  excitation  pulse  with  refereiice  to  the  ampli¬ 
fier  excitation  pulse.  When  a  telescopic  cavity  with  M  =  14  was  used,  its  radiation  was 
0.1-0. 3  mrad.  In  our  experiments,  the  generation  duration  varied  from  20  ns  to  50  ns. 
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Table  II 


N 

Inside 

diameter 

mm 

1,  mm 

u, 

kW 

>  l-t 

^Ke 

torr 

£, 

kHz 

w, 

w 

IW, 

W 

Note 

1 

15 

560 

5.5 

0.34 

400 

5.80 

3.8 

Two  thyratrons 

-  1000/25 

2 

25 

720 

5.0 

0.80 

20 

6.25 

12.5 

_ 

with  water 

cooling. 

3 

27 

1000 

5.5 

0.63 

37 

7.70 

15.5 

plane-parallel 

cavity 

4 

35 

1000 

5.5 

0.77 

70 

6.67 

17.0 

5 

35 

1000 

5.4 

0.95 

- 

5.88 

11.5  ) 

Generator 

>  22.0 

35 

1000 

5.2 

0.57 

- 

5.88 

14.5  ) 

Amplifier 

6 

15 

560 

4.0 

0.35 

300 

6.25 

1.5  ) 

Generator 

35 

1000 

6.0 

1.00 

200 

6.25 

12.0  7  31.5 

Amplifier 

35 

1000 

6.0 

0.70 

200 

6.25 

14.0  ) 

Amplifier 

The  laser  emitter  generating  at  the  wavelength  X3  was  constructed  based  on  the 
oxazine-17  dye  laser  with  transverse  excitation  by  a  two-cascade  copper-vapor  laser. ^  The 
generation  spectrum  was  narrowed  up  to  0.07  nm  using  three  intracavity  Fabry-Perot  etalons 
constructed  by  the  deposition  method.  At  a  mean  pumping  power  of  30  W  the  dye-laser  power, 
without  spectral  selection,  amounted  to  9  W.  The  conversion  efficiency  of  the  system 
"copper-vapor  laser  -  dye  laser",  with  spectral  selection,  was  15%.  Photostability  of  dye 
solution  was  tested  in  the  10  cm^  cell. 


To  transform  copper-vapor  laser  generation  to  the  ultraviolet  range  (Xg),  the  KDP  2  x 
2  X  4  cm  crystal  without  forced  cooling,  was  used  (synchronism  "ooe").  The  efficiency  of 
conversion  (X^  and  X2)  to  the  sum  frequency  (Xg)  reached  5%  at  the  mean  ultraviolet  radia¬ 
tion  power  0.6  W.  Variation  of  the  basic  radiation  mean  power  in  the  2  to  20  W  range  at 
constant  pulse  power  showed  that  the  thermal  effects  did  not  limit  the  conversion 
efficiency. 

To  obtain  narrow-band  radiation  at  the  wavelengths  X^  and  Xg  a  three-cascade  scheme  of 
a  pumping  laser  and  a  four-cascade  scheme  of  a  rhodamine  C-dye  laser  with  quasi¬ 
longitudinal  pumping  were  used.  The  master  generator  of  the  dye  laser  was  constructed 
using  two  diffraction  gratings  with  600  lines/mm  and  1200  lines/mm,  one  of  which  operated 
in  the  grazing  mode  and  the  second  one  was  mounted  using  a  Littrow  scheme.^  The  generation 
spectrum  width  was  0.2  cm"^.  The  master  generator's  radiation  was  transmitted  through  an 
external  Fabry-Perot  interferometer  with  sharpness  ~30,  which  decreased  the  generator 
spectrum  width  to  the  value  smaller  than  10“^  cm~^,  and  was  directed  to  a  space  filter 
consisting  of  two  confocal  spherical  mirrors  with  the  diaphragm  at  their  joint  focus.  The 
space  filter  was  used  to  increase  the  signal-to-noise  ratio.  Then  the  radiation  was 
amplified  in  a  three-cascade  amplifier.  Each  amplifying  cell  was  a  cell  filled  with  dye, 
which  was  mounted  at  a  joint  focal  plane  of  the  two  spherical  lenses.  The  amplifiers 
pumping  was  quasi-longitudinal.  The  tests  of  such  a  system  have  shown  that  it  meets  the 
requirements  for  the  laser  transmitter  parameters  (spectral  width  and  mean  generation 
power).  To  obtain  the  required  radiation  reproducibility  at  X^  and  Xg,  the  scheme  of 
active  stabilization,  based  on  a  wavelength  meter^  and  a  microcomputer,  is  under  develop- 
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ment  now.  The  error  signal  between  the  required  and  real  generation  wavelength  after  the 
computer  processing  is  applied  to  the  servodrive  by  the  angular  position  of  the  external 
Fabry-Perot  interferometer  determining  spectral  position  of  a  generation  line.  In  this 
scheme,  the  error  signal  is  processed  with  time  interval  of  ~1  s.  The  wavelength  is 
reproduced  during  the  time  between  the  cycles  of  error-signal  processing  due  to  passive 
stabilization  of  the  entire  system.  For  this  purpose,  the  entire  laser  system  is  mounted 
on  a  heavy  plate  set  on  supports  consisting  of  alternating  layers  of  vibro-absorbing 
materials  with  different  amplitude-frequency  characteristics. 
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Abstract 


As  part  of  the  HAVE  LACE  (Laser  Airborne  Communications  Experiment)  program,  optical 
scintillation  data  was  collected  and  analyzed.  The  results  of  this  analysis  will  be  used 
to  examine  the  effects  of  scintillation  on  air-to-air  laser  communications  performance. 
The  HAVE  LACE  terminals  used  direct  detection  of  a  pulsed  diode  laser.  The  random 
variations  in  received  signal  strength,  called  scintillation,  are  caused  by  the  time 
varying  index  of  refraction,  due  to  atmospheric  turbulence.  The  scintillation  data  that 
was  collected  is  compared  to  a  model  derived  from  turbulence  theory  in  an  effort  to 
validate  these  atmospheric  turbulence  models.  This  model  can  then  be  used  to  aid  in  the 
design  of  air-to-air  laser  communication  terminals  that  provide  acceptable  probability  of 
error  performance. 


Introduction 


Successful  design  of  an  atm.ospheric  laser  communications  terminal  requires  an 
understanding  of  atmospheric  turbulence  induced  scintillation  of  the  optical  signal. 

Laser  beam  scintillation  is  small  scale  interference  within  the  beam  cross  section  due  to 
turbulence  induced  fluctuations  of  the  refractive  index  of  the  atmosphere,  causing 
variations  in  the  spatial  power  density  at  the  receiver.  The  variations  in  the  spatial 
power  density  at  the  receiver  manifest  themselves  as  fades  and  surges  of  the  detected 
optical  signal.  By  understanding  the  statistics  and  power  spectrum  of  the  fades  and 
surges  communications  terminals  can  be  designed  to  achieve  needed  levels  of  performance 
by  employing  optimized  choices  of  increased  link  margin  and  error  coding. 

Extensive  research  has  been  done  to  characterize  and  model  the  effects  of  atmospheric 
turbulence  on  terrestrial  laser  communications  links.  However,  limited  work  has  been 
accomplished  in  collecting  data  for  validating  atmospheric  scintillation  models 
associated  with  airborne  laser  communications  links. 

As  part  of  the  HAVE  LACE  (Laser  Airborne  Communications  Experiment)  program  optical 
scintillation  data  was  collected  and  analyzed.  The  analysis  will  aid  in  the 
determination  of  the  degree  of  scintillation  to  be  expected  from,  the  air-to-air 
communications  channel  and  the  effects  of  scintillation  on  communications  performance. 

The  HAVE  LACE  terminals  use  direct  detection  of  pulsed  laser  energy,  therefore,  the 
random  variations  in  the  received  signal  strength,  can  be  used  to  evaluate  the 
atmospheric  turbulence  induced  amplitude  scintillations.  The  collected  data  has  been 
reduced  and  com.pared  with  a  theoretical  model  for  air-to-air  communications  links.  The 
objective  of  the  analysis  is  to  identify  deviations  in  the  collected  data  from 
predictions  based  on  current  theory  and  to  explain  the  results  in  terms  of  communications 
performance. 


HAVE  LACE  Overview 


The  Satellite  Communications  Group  of  the  Air  Force  V7right  Aeronautical  Laboratories 
(AFWAL)  at  Wr ight-Patterson  AFB  OH  managed  the  HAVE  LACE  program  and  conducted  the  flight 
tests.  In  an  effort  to  demonstrate  the  feasibility  of  air-to-air  laser  communications 
AFWAL  began  the  HAVE  LACE  program  in  1983  under  the  sponsorship  of  the  Headquarters  Air 
Force  Systems  Command,  New  Concept  and  Initiatives  Office.  The  technology  for  laser 
communications  using  small  semiconductor  laser  diodes  has  been  available  for  some  time. 
Optical  acquisition  and  tracking  systems  have  been  developed  in  the  past  for  a  wide 
variety  of  applications.  Early  in  1984,  the  Air  Force  established  a  contract  \jith  GTE 
Government  Systems  of  Mountain  View  CA,  to  develop  two  airborne  laser  communications 
terminals  and  furnish  these  terminals  t'^  the  Air  Force  for  a  flight  test  program.  These 
terminals  were  not  advanced  development  models  but  feasibility  models  using  basically 
"off-the-shelf"  technology  to  quickly  provide  the  Air  Force  with  equipment  for  the  HAVE 
LACE  demonstration  and  test  program. 

In  order  to  demonstrate  the  feasibility  of  laser  communications,  flight  tests  were 
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performed  to  analyze  acquisition,  tracking,  communications,  and  scintillation,  at 
operationally  significant  ranges.  The  HAVE  LACE  program  was  divided  into  three  major 
areas:  design  and  development  of  the  laser  terminals,  modification  of  the  testbed 

aircraft  and  installation  of  the  terminals,  and  system  test  including  both  ground  and 
flight  testing.  The  two  HAVE  LACE  terminals,  furnished  by  GTE  for  use  during  the 
program,  consisted  of  a  laser  transceiver  and  an  acquisition/tracking  system.  GTE 
supported  the  aircraft  modifications  and  terminal  installation  in  two  Air  Force  C-135 
aircraft  operated  and  maintained  by  the  4950th  Test  Wing.  AFWAL  conducted  the  flight 
test  of  the  terminals  and  evaluated  their  performance. 

The  terminals  consisted  of  a  laser  transmitter  powered  by  a  100  watt  peak-power  diode 
array  operating  at  the  infrared  wavelength  of  904  nanometers,  a  quadrature  receiver  using 
four  avalanche  photodiodes,  a  gimballed  optical  head  with  11.3  cm  diameter  optics,  and 
associated  controls.  This  equipment  was  installed  in  an  equipment  rack  with  the  optical 
head  mounted  in  a  two-axis  gimbal  at  the  rear  of  the  rack.  The  entire  system  was  placed 
next  to  a  side  windov;  in  each  of  the  aircraft. 

System  operation  began  with  initialization  of  the  acquisition  process.  Each  operator 
provided  inputs  to  their  terminal  designating  the  most  probable  location  for  the 
cooperating  aircraft  based  on  visual  sighting,  known  flight  paths,  or  other  navigation 
inputs.  These  inputs  defined  the  center  point  for  a  10  degree  by  4  degree  uncertainty 
region.  Both  terminals  started  in  the  responder  mode  where  the  terminals  slowly  scanned 
its  uncertainty  region.  When  an  operator  wanted  to  initiate  the  link,  he  switched  his 
terminal  to  the  initiating  mode  and  it  rapidly  scanned  its  uncertainty  region  until  the 
two  fields  of  view  were  mutually  aligned.  The  initiator's  fast  scan  covered  the  entire 
scan  pattern  in  less  time  than  it  takes  for  the  field  of  view  of  the  slow  scan  of  the 
responder  to  pass  across  a  point.  Mutual  alignment  was  thus  assured,  to  within  the  error 
allowed  by  the  fields  of  view,  within  one  scan  of  the  responder.  When  the  terminals  were 
mutually  aligned,  an  optical  signal  was  detected  by  each  terminal  and  a  small  scan 
pattern  used  to  refine  alignment.  After  accurate  tracking  was  established,  timing 
synchronization  began  and  either  communications  could  be  ev’aluated  or  scintillation  data 
collected . 

To  accurately  measure  the  scintillation,  a  special  mode  of  operation  was  added  to  the 
terminals.  In  this  mode  of  operation  one  terminal  sends  a  steady  stream  of  80  nsec 
pulses  at  10  Kpps  and  the  other  terminal  continuously  receives  these  pulses  and  detects 
the  peak  level  of  each  pulse.  Tracking  at  the  transmitting  terminal  during  these 
measurements  is  accomplished  using  only  gyro  stabilization,  however,  measurements  are 
limited  to  30  seconds  so  the  tracking  drift  is  minimized.  The  sampling  of  the 
scintillaton  provides  information  about  fades  and  surges  with  frequencies  up  to  about  5 
KHz.  The  scintillation  spectra  is  not  expected  to  contain  any  components  greater  than 
this.  A  demodulator  using  a  peak  level  detector  followed  by  a  sample  and  hold  allowed 
the  peak  levels  of  the  short  pulses  to  be  recorded  on  standard  recording  equipment.  The 
output  of  the  scintillation  demodulator  simply  tracks  the  fluctuations,  thus  requiring  a 
recording  bandwidth  of  only  5  KHz.  Flight  profiles  for  these  tests  were  carefully 
controlled  so  that  misalignment  of  the  two  systems  did  not  induce  fluctuations.  Parallel 
paths  were  maintained  at  constant  altitude  during  all  scintillation  tests. 

The  HAVE  LACE  test  program  consisted  of  16  flights  from  which  55  hours  of  test  data 
was  collected.  Scintillation  data  was  collected  on  6  of  the  test  flights.  Most  of  the 
scintillation  data  was  taken  at  altitudes  around  30,000  feet  and  aircraft  separations  of 
25  nautical  miles.  Air  speeds  during  the  scintillation  runs  usually  varied  between  350 
to  400  knots. 


Scintillation 


Literature  on  the  subject  of  line-of-sight  optical  propagation  through  turbulence  is 
extensive.  However,  the  most  important  and  influential  theoretical  development  of  the 

12  3 

subject  is  that  of  V.  I.  Tatarski  '  and  L.  A.  Chernoff  .  The  combination  of  their  work 
has  been  the  foundation  for  most  of  the  v/ork  that  has  followed.  A  collection  of  revievj 

4 

articles  on  the  subject  are  available  and  provide  a  concise  development  of  turbulence 
theory. 

Even  with  the  extensiv'e  interest  shown  toward  the  theoretical  development  of  this 
subject,  predictions  of  the  effects  of  atmospheric  turbulence  on  optical  propagation  can 
be  checked  only  by  in  situ  measurements.  The  atmosphere  is  inhomogeneous  and 
statistically  nonstationary  which  precludes  the  use  of  simple  models  in  characterizing  it 
as  a  communications  channel.  Of  interest  to  optical  propagation  research  is  the 
variation  of  refractive  index  resulting  from  variation  of  the  density  of  the  air.  The 
air  density  depends  on  temperature  and  pressure.  However,  pressure  fluctuations  are 
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rapidly  dissipated  and  have  negligible  effects  when  compared  to  th  t  of  the  longer 
lasting  temperature  variations. 


Sunlight  incident  on  the  earth's  surface  is  absorbed  and,  in  turn,  as  the  earth 

re-emits  this  energy  the  surface  air  layer  is  heated.  As  the  warmed  surface  layer  air 

becomes  less  dense  it  rises,  mixing  turbulentry  with  cooler  air.  Therefore,  the  air 

temperature  varies  randomly  from  point  to  point  in  the  atmosphere  (on  the  order  of  0.1  - 

l^C)  and  is  a  function  of  altitude  and  wind  speed  due  to  the  turbulent  mixing.  These 

turbulent  eddies  cause  an  ever  changing  index  of  refraction  of  the  air.  The  variations, 

-6  4 

which  are  typically  on  the  order  of  10  ,  result  in  small  point-to-point  differences  . 

While  the  refractive  index  variation  is  very  small,  in  situations  of  practical  interest  a 
laser  beam  propagates  through  a  large  number  of  these  inhomogeneities.  This  initially 
produces  optical  phase  effects  (leading  to  angle  of  arrival  fluctuations  or  beam  wander) , 
intensity  fluctuations  (scintillation) ,  and  beam  broadening.  It  is  the  intensity- 
fluctuations  of  the  communications  signal  which  are  of  interest  here. 

The  effect  of  atmospheric  turbulence  depends  on  the  scale  size  of  the  turbulent  eddies 
which  range  from  an  inner  scale  of  a  fev;  millimeters  to  several  hundred  meters  or  larger 

for  out 3r  scale  values^.  These  turbulent  eddies  may  be  envisioned  as  "lens"  of  air,  each 

with  a  characteristic  refractive  index,  which  focuses  or  defocuses  the  incident  light 
wave.  The  power  spectral  densitv  of  the  turbulence  may  be  regarded  as  a  measure  of  the 

relative  abundance  of  the  eddies'  Kolmogorov  initially  established  the  form  of  the 

power  spectrum  of  the  turbulence.  Subsequently,  the  Kolmogorov  spectrum  has  been 
modified  to  what  is  known  as  the  Von  Karman  spectrum  which  provides  a  more  definitive 
spectral  shape.  Figure  1.  The  form  of  the  Von  Karman  spectrum  is  dependent  on 
the  inner  and  outer  scale  sizes  of  the  turbulent  eddies  and  the  refractive  index 

2 

structure  constant,  C  .  Where  the  inner  scale  is  given  by  1  =  2Ti/Km,  the  outer  scale 

n  2  ■'  o 

is  given  by  L  =  5.92/K  and  C  serves  as  a  measure  of  the  strength  of  the  fluctuations. 

The  time  required  for  light  to  propagate  through  these  turbulent  eddies  is  only  a 
fraction  of  the  "fluctuation  time"  for  the  random  refractive  index  changes.  Therefore, 
the  time  dependence  of  the  refractive  index  changes  is  often  suppressed  and  attention 
focused  on  spatial  properties  for  the  investigation  of  imaging  properties.  However,  in 
communications  the  temporal  properties  of  the  turbulence  are  of  interest  and  Taylor's 
"frozen  turbulence"  hypothesis  is  invoked.  This  hypo*-hesis  assumes  that  a  given 
realization  of  the  random  refractive  index  i.s  "frozen”  and  drifts  across  the  receiver 
aperture  with  constant  velocity  determined  by  the  local  wind  conditions.  VJhile  the 
communications  signal  experiences  fades  and  surges  due  to  scintillation  it  is  the  signal 
fades  which  most  limits  the  communications  performance.  Therefore,  the  frequency  spectra 
(duration  and  recurrence)  and  the  depth  (probability  a  fade  will  exceed  a  threshold)  of 
the  fading  is  important  to  characterize. 

Understanding  the  fading  characteristics  allows  the  design  engineer  to  achieve  a  level 
of  performance  based  on  probability  of  error  (P^)  by  either  adding  signal  margin  and 
employing  coding  techniques  or  both.  As  more  knowledge  is  gained  about  the  statistical 
nature  of  the  optical  communications  channel  optimum  combinations  of  coding  and  link 
margin  can  be  used  to  achieve  required  communications  performance  levels.  In  particular, 
the  long  high  altitude  horizontal  path  atmospheric  channel  is  least  characterized. 

g 

Results  provided  by  G.  J.  Morris  involving  horizontal  high  altitude  airborne 

scintillation  measurements  over  short  paths  and  the  opportunity  to  take  part  in  the  HAVE 
LACE  program  led  to  the  motivation  to  perform  the  current  work. 

Discussion  of  Results 


The  depth  of  fading  due  to  scintillation  can  be  directly  related  to  the  probability 
that  fades  of  a  certain  depth  will  occur.  Tatarski's^  and  all  subsequent  treatments  of 

this  subject  predict  that  the  probability  distribution  of  the  logarithm  of  the  intensity 
is  a  normal  distribution.  This  is  a  reasonable  assumption  since  the  propagation  of  light 
through  the  many  lens-like  eddies  can  be  viewed  as  propagation  through  a  multiplicatival 

9 

noisy  channel.  As  previously  reported  ,  the  HAVE  LACE  scintillation  data  was 
log-normally  distributed. 

The  frequency  spectra  of  scintillations  is  related  to  both  L'nc  size  of  the  turbulent 
eddies  and  the  rate  at  which  they  move  across  the  receiver  aperture.  Much  data  has  been 
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analyzed  for  terrestrial  s jintillation  and  the  frequencies  have  been  found  to  range  from 

0.1  to  100  Hz^^.  Scint ^  lation  at  ground  level  results  from  large  turbulent  eddies  whose 

rate  of  motion  is  due  to  wind  speeds,  thus  low  frequencies  fluctuations  are  expected.  At 
altitude  the  turbulent  eddies  are  much  smaller  and  their  rate  of  movement  is,  by  the 
"frozen  turbulence"  assumption,  the  result  of  aircraft  airspeed. 

Tatarski^  presented  the  first  discussion  of  the  temporal  power  spectral  density, 
.’quation  (1)  provi  les  an  expression  for  the  reciprocal  of  the  time  required  for  a 
r- resnel-zone  size  disturbance  to  move  across  the  1  ine-of-sight , 


- V 

(2TiiL)  ^ 

where  V  is  the  pt ''pendicul..  airspeed,  L  is  the  path  length  and  f  is  related  to  the 

4  ° 

corner  frequency  of  the  spectrum,  f  ,  ,  by 


— ^  =  1.43  (2) 

f 

o 

For  the  HAVE  LACE  flights  (1)  and  (2)  yield  corner  frequencies  between  475  and  600  Hz  for 
airspeeds  of  3C0  to  350  knots.  A  representative  frequency  spectrum  from  our  test  flights 
shows  f^  to  be  approximately  IvO  Hz  (Figure  2).  This  frequency  spectrum  was  obtained  by 
Fast  Fourier  Transforming  (FFT)  0.4  seconds  of  scintillation  data  and  then  taking  the 
ensemble  average  of  74  such  FFT's.  The  magnitude  of  the  ensemble  average  is  used  to 
represent  the  power  spectral  density. 

Using  the  flight  parameters  given  in  Figure  1  the  theoretical  corner  frequencies  as 
given  by  (1)  and  (2)  is  502  Hz.  The  factor  of  5  difference  in  the  observed  corner 
frequency  led  to  further  investigations  into  the  theory  of  turbulence. 

11  12 

Yura  '  has  extended  Tatarski's  weak  turbulence  perturbation  theory  using  a  m.ultiple 
scattering  argument.  His  development  accounts  for  the  saturation  phenomena  associated 
with  the  log  amplitude  variance  and  reduces  tc  the  results  of  Tatarski  in  the  weak 

12 

turbulence  :_uime.  Yura  obtained  the  shape  o'  the  temporal  power  spectrum  for 

increasing  values  of  amplitude  ■■ariar.ee  (Figure  3).  The  effect  of  strong  turbulence  on 
the  frequency  spectrum  can  be  seen  by  the  curves  of  Figure  3.  Note  from  Figure  3  that 
while  the  corner  frequency  shifts  to  lower  frequencies  with  stronger  turbulence  the 
extend  of  the  ."jpectral  components  increase. 

The  primary  difference  between  the  Tatarski  and  Yura  theories  is  the  uevelopmcrt  of  a 
filter  function  which  is  applied  to  the  power  spectrum  of  the  turbulence.  Figure  4.  The 

filter  function  is  a  r '^asure  of  the  relative  ef'^iciency  of  a  turbulent  eddy  of  size  F 

located  at  some  arbitrary  position  in  producing  fluctuations  at  the  receiver.  It  is 
evident  from  Figure  4  that  Yura's  approach  provices  a  filter  function  which  behaves  on 
the  average  like  Tatarski's  linear  theory  function. 

A  computer  model  has  been  developed  which  incorporates  the  character isuics  of  the  HAVE 

LACE  terminals  and  Yura's  scintillation  theory  to  generate  theoretical  temporal  frequency 

spectra  for  a  comparison  with  the  HAVE  LACE  data.  This  model  provides  accurate  curve 

fits  for  the  collected  scintillation  data  within  the  bounds  of  the  known  input 

parameters.  Atmospheric  data,  which  is  used  to  define  the  true  sliape  the  power 

spectral  density  of  the  turbulence,  v..  not  available.  Therefore,  the  initial  value:  for 

2  13 

1  ,  L  ,  u..d  C  wer..-  chosen  from  reasonable  estimates  derived  from  previous  work 
o  o  n  ^ 

and  then  further  refined  until  a  gnri  dat.i  fit  was  accomplished.  Vlhile  the  model  2 

provided  a  good  comparison  with  the  data.  Figure  1,  this  generally  required  employing  C 

1 

values  which  were  stronger  than,  for  instance,  the  iiufnagel  model  predicted. 

2 

However,  values  for  i  ,  L  ,  and  C  were  alv/ays  kept  within  reasonable  bounds  for  the 

o  o  n  ^ 

conditions  of  Lhe  flight. 

Cone  1 us  ion 

The  HAVE  LACE  pi ogram  provided  a  unique  opportunity  to  perform  high  altitude 
scintillation  measurements  over  extended  path  lengths.  While  airborne  testing  is  by  ■’ ts 
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dynamic  nature  very  challenginq  and  difficult  to  perform,  in  situ  measurements  are 
necessary  if  practical  application  of  laser  commuin  catic"s  t'leory  is  to  be  accomplished. 
The  results  presented  here  offer  reasonably  good  agreement  with  theory.  Further 
analysis  is  in  progress  to  more  fully  understatid  the  implications  of  the  Hufnagcl  C 
values  and  those  provided  from  the  temporal  frequency  comp^lr isons .  ^ 
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presented  by  Tatarski  (linear)  and  Yura. 
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Abstract 


A  novel  general  scheme  to  obtain  bidimensional  phased -array  lasers  by  diffraction  cou¬ 
pling  is  proposed.  Preliminary  experiments  have  been  performed  on  pulsed  Nd:YAG  laser  to 
demonstrate  its  feasibility. 


1 .  Introduction 


Stable  resonators  operating  in  TEMqq  mode  present  a  noticeable  drawback  due  to  the  limit¬ 
ed  portion  of  active  medium  that  can  be  fully  exploited  by  the  laser  beam.  In  this  work  we 
discuss  a  novel  scheme,  which  should  overcome  this  difficulty,  based  on  the  concept  of  in- 
phase  locking  of  several  TEMqo  modes  within  the  laser  active  medium  by  means  of  diffraction, 
which  is  somehow  related  to  the  recently  developed  phased-array  semiconductor  lasers^-’.  Our 
proposal  concerns  the  design  of  a  bidimensional  plane  mask  containing  suitably  located  holes 
to  be  inserted  into  the  laser  resonator,  near  one  mirror,  in  order  to  simulate  a  se^ented 
mirror.  The  mask  should  generate  a  monodimensional  or  two-dimensional  beam  array  which,  under 
appropriate  conditions  for  the  hole  locations,  is  phase-locked  by  diffraction.  This  technique 
introduces  a  general  concept  in  phased  arrays  valid  for  any  kind  of  laser  and  in  particular 
represents  an  alternative  approach  to  the  phase-locking  of  COj  wave-guide  lasers  “  ' .  Pre¬ 
liminary  experiments  performed  on  a  pulsed  NdtYAG  laser  have  demonstrated  the  feasibility  of 
our  proposal. 


2 .  Description  of  the  Technique 


The  leading  idea  of  using  a  mask  can  be  understood  with  the  help  of  Fig.  1,  which  shows 
a  mask  with  two  holes  placed  inside  an  otherwise  conventional  resonator  with  an  active  me¬ 
dium  of  suitable  cross-section.  The  diameter  of  each  hole  is  such  that  it  can  only  allow 
oscillation  on  the  TEMqq  mode.  For  simplicity,  we  first  assume  that  both  mirror  radii  are 
much  longer  than  the  resonator  length.  Under  these  conditions,  two  distinct  lobes  (TEMqq- 
-like  modes)  are  expected  to  be  emitted  from  the  laser  cavity,  as  shown  in  Fig.  1. 


OUTPUT 


Fig.  1  -  Schematic  of  a  segmented-mirror  laser  resonator  with  a  two-hole  mask.  Two 
TEMqq  -like  modes  are  shown  along  with  the  diffracted  wavelets  of  one  mode 
that  couple  to  the  field  of  the  other  mode. 
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Depending  upon  the  distance  between  the  two  holes,  the  two  beams  have  been  observed  to  be: 

(i)  unlocked,  at  large  distance,  (ii)  locked  in  opposite  phase  (TEMd  -like  mode)  at  suitably 
small  distance,  and  (iii)  locked  in  phase,  at  an  intermediate  distance.  In  fact,  if  the  dis¬ 
tance  between  the  two  holes  of  the  mask  is  too  large,  the  lobes  do  not  interact  and  their 
phases  are  unlocked;  if,  however,  the  hole  distance  is  sufficiently  small,  the  diffracted 
waves  from  one  hole  contribute  to  the  field  of  the  other  lobe  and  the  two  lobes  are  expected 
to  lock  each  other.  Indeed,  for  a  suitable  hole  distance,  the  two  lobes  will  lock  180°  out- 
-of-phase,  giving  a  TEMoi  mode  of  the  cavity.  The  condition  to  be  fulfilled  in  this  case  is 
that  the  phase  shift  ii(Ji  between  the  diffracted  wavelets  of  one  lobe  and  the  field  of  the 
other  lobe  be  equal  to  tt.  To  obtain  in-phase  locking  between  the  two  lobes,  on  the  other 
hand,  we  must  require  that  the  phase  shift  Aip  be  equal  to  2tt.  This  picture  is  analogous  to 
that  of  supermodes  in  semiconductor  laser  arrays®'*^.  Thus,  depending  upon  the  distance  be¬ 
tween  the  two  holes,  the  configuration  of  Fig.  1  leads  to  two  lobes  that  may  be  uncorrelated, 
180°  out-of-phase  correlated,  or  in-phase  correlated. 

The  extension  to  a  more  general  case  becomes  quite  straightforward:  a  mask  containing 
more  than  two  holes  in  a  linear  array,  or  a  two-dimensional  array  can  produce,  under  appro¬ 
priate  conditions,  oscillation  of  many  lobes  all  locked  in  phase.  This  would  constitute  a 
generalization  of  the  linear  phased-array  lasers  to  two  dimensions  and  to  any  active  medium. 
The  above  intuitive  concepts  may  give  rise  to  a  few  critical  remarks.  In  particular,  when  the 
radii  of  the  two  mirrors  are  comparable  to  the  resonator  length,  the  two  off-axis  lobes  (see 
Fig.  1)  cannot  be  considered  as  two  TEMqo  -like  modes  any  longer.  A  more  correct  picture  can 
be  obtaiend  considering  the  integral  equation  of  a  resonator  in  which  one  mirror  presents 
zones  of  high  reflectivity  only  in  correspondence  with  the  holes  of  the  mask  ( segmented-mir- 
ror  resonators).  We  can  expect  that,  under  suitable  conditions,  the  fundamental  mode  will  be 
constituted  also  in  this  case  of  in-phase  lobes. 


3 .  Experimental  Results 


The  scheme  previously  outlined  has  been  experimentally  applied  to  a  flash-pumped  Nd-.YAG 
laser.  The  pump  cavity  housing  a  3"  long  x  1/4"  diameter  rod,  was  of  a  reflective  close-cou¬ 
pled  type  to  ensure  highly  uniform  pump  energy  distribution  within  the  rod.  The  stable  50  cm 
long  resonator  was  made  of  two  8  m  radius  of  curvature  concave  mirrors,  one  of  high  reflec¬ 
tivity  and  the  other  with  60%  power  reflectivity.  The  mask,  containing  holes  of  appropriate 
shape  and  size,  was  placed  close  to  the  output  mirror.  Maslts  with  two,  three  and  four  holes 


Fig.  2  -  Mask  hole  contours  giving  in-phase  locking:  (a)  two-,  (b)  three-,  and  (c)  four- 
-hole  linear  masks  and  (d)  five-hole  two-dimensional  mask.  The  linear  scale  is 
indicated  at  the  bottom. 
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disposed  in  linear  arrays  and  five  holes  arranged  in  a  two-dimensional  pattern,  whose  shapes 
are  shown  in  Fig.  2,  have  been  used.  The  holes  were  made  by  chemical  etching  on  a  100  vm 
thick  tempered  steel  plate.  Note  that  the  holes  are  not  circular  and  are  of  different  size. 
In  fact,  the  best  hole  contour  would  probably  correspond  to  the  isointensity  lines  of  the 
actual  mode  profile  of  the  segmented-mirror  cavity.  As  a  first  approach,  the  hole  contours 
have  been  chosen  to  correspond  to  the  isointensity  profiles  of  the  in-phase  lobes  of  the 
Hermite-Gaussian  mode  of  a  conventional  spherical  mirror  resonator.  An  exact  diffraction 
theory  calculation  of  the  mode  profile  is  however  still  in  progress,  in  order  to  optimize 
the  mask  patterns.  As  an  example  Figure  3(a)  shows  the  experimental  near  and  far-fields 
obtained  with  a  two-hole  resonator  designed  for  oscillation  on  a  fundamental  mode  with  two 
lobes  in  phase.  Figure  3(b)  shows  the  corresponding  theoretical  results  obtainea  by  numer¬ 
ically  solving  the  integral  equation  of  the  segmented  mirror  resonator. 


Fig.  3  -  Near  (left)  ana  far-field  (right)  pattern  of  the  phased  output  beam  obtained 

with  a  two-hole  segmented  mirror  resonator:  (a)  experimental;  (b)  theoretical. 
The  dashed  area  in  (b)  represents  the  portion  of  the  beam  intercepted  by  the 
mask. 


In  the  case  of  a  two-hole  mask  with  a  shape  similar  to  mask  (a)  in  Fig.  2,  but  with  the 
hole  distance  reduced  by  a  factor  v  J~Z ,  the  two  lobes  were  180°  out-of-phase,  corresponding 
to  a  TEMoi  -like  moae.  Finally,  we  have  noted  that,  if  the  hole  separation  was  increased  by 
a  factor  of  about  1.8,  the  two  lobes  were  completely  uncorrelated.  In  this  case,  in  fact, 
the  far-field  pattern  was  the  same  as  that  observed  when  one  ot  the  two  lobes  was  blocked  at 
the  laser  output.  These  results  prove  the  validity  of  our  scheme;  the  results  obtained  with 
the  three-  and  four-hole  masks  shown  in  Fig.  2  are  similar  to  those  of  the  two-hole  mask; 
in  each  case,  using  the  optimum  mask,  good  phase  locking  between  the  oscillating  lobes  has 
been  observed.  The  results  obtained  with  the  two-dimensional  five-hole  mask  (d)  of  Fig.  2 
are  shown  in  Fig.  4.  To  characterize  the  structure  of  the  laser  output  beam,  which  is  two- 
-dimensional  in  this  case,  we  have  recorded  the  far  rield  intensity  distributions  as  burn 
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Fig.  4  -  Output  beam  from  the  five-hole,  two-dimensional,  segmented-mirror  resonator: 

(a)  far-field  burn  pattern  and  (b)  far-field  profile  taken  along  the  horizontal 
central  line  of  the  burn  pattern;  the  horizontal  scale  in  (b)  is  0.54  mrad/div. 


patterns  on  a  photo-sensitive  paper  (see  Fig.  4(a)).  This  technique  provides  only  for  a 
qualitative  picture  of  the  phase  locking  effects,  due  to  the  non-linearity  of  the  recording 
process.  A  quantitative  analysis  of  the  far-field  patterns  along  selected  lines  has  been 
performed  by  means  of  a  linear  photodetector  array,  and  the  results  have  shown  that  a  rea¬ 
sonably  good  phase-locking  has  been  obtained  also  in  this  case  (see  Fig.  4(b)).  This  repre¬ 
sents  a  demonstration  of  phase-locking  between  aifferent  laser  channels  in  two  dimensions. 

As  a  general  comment  on  the  results  obtained  with  the  four  masks  considered  in  Fig.  2  we  can 
say  that,  once  the  optimum  masK  was  found,  phase-locking  was  ooserved  in  a  reliable  way 
every  laser  shot  and  for  a  pump  input  energy  ranging  from  threshold  to  about  2  times  above 
threshold.  The  dimensions  of  the  optimum  mask  are  however  quite  critical,  and  changes  by  as 
much  as  5%  would  considerably  affect  the  phase  locking  condition.  In  all  cases,  the  result¬ 
ing  output  energy  was  also  quite  low,  namely  a  few  tens  of  mJ,  compared  with  about  360  mJ 
obtained  with  the  same  laser  operating  at  the  same  input  energy  (16  J;  threshold  energy  10  J) 
without  any  mask  inserted  in  the  cavity.  This  is  due  to  the  fact  that  the  total  area  of  the 
holes  in  each  mask  is  only  a  fraction  of  the  rod  cross-section  and  to  high  losses  introduced 
by  the  mask  (see  Fig.  3(b)). 

As  a  conclusion  we  can  say  that  these  results  demonstrate,  in  principle,  the  possibility 
to  realize  large  fundamental  mode  by  using  resonators  made  with  segmented,  or  more  generally 
modulated,  reflectivity  mirrors.  They  might  also  shed  new  light  on  the  process  of  diffrac¬ 
tion  coupling  of  diode  arrays. 
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Abstract 


Novel  output  couplers  with  gaussian  and  supergaussian  reflectivity  profiles  are  proposed. 
An  analysis  of  unstable  resonators  with  supergaussian  mirrors  is  presented.  Application  to 
a  pulsed  Nd:YAG  laser  has  produced  diffraction  limited  output  beams  with  energy  up  to  200  mJ. 


1 .  Introduction 


Unstable  resonators  with  radially  variable  reflectivity  mirrors  (VRM)  offer  the  advantage 
of  good  mode  discrimination,  smooth  output  beam  profile  and  large  mode  volume'”'*.  Although 
these  advantages  have  been  known  for  many  years,  only  a  limited  number  of  devices  have  been 
experimentally  demonstrated.  The  proposed  practical  solutions  include:  radially  varying  bi- 
refringent  filters^,  apoditic  filters  based  on  frustrated  total  internal  reflection®,  di¬ 
electric  mirror  with  shaped  layers’,  radially  variable  Fabry-Perot  interferometers®. 

Mode  analysis  of  unstable  resonators  with  tapered  reflectivity  mirrors  is  usually 

carried  out  assuming  a  gaussian  shape  of  the  reflectivity  profile,  which  allows  direct  ap¬ 
plication  of  the  matrix  formalism  for  gaussian  beam  propagation®” .  A  gaussian  curve  has 
long  tails  and,  to  prevent  diffraction  effects  now  coming  from  the  rod  aperture,  the  spot 
size  must  be  rather  small.  For  better  filling  of  the  rod  other  shapes  of  reflectivity  taper¬ 
ing  (linear,  parabolic,  etc.)  have  been  proposed"”'®.  However,  the  analysis  of  these  reso¬ 
nators  can  only  be  carried  out  through  machine  solution  of  the  mode  integral  equation,  which 
however  does  not  provide  simple  design  equations  for  the  resonator. 

In  this  paper  we  show  the  advantage  of  using  supergaussian  reflectivity  profiles  and  we 
consider  the  implementations  of  tapered  reflectivity  output  couplers,  based  on  thin  film 
evaporation  techniques.  Applying  ray  analysis  to  the  study  of  unstable  resonators  with  super¬ 
gaussian  mirrors,  simple  analytic  solutions  are  found  for  the  lowest  order  mode  and  the  cor¬ 
responding  loss  eigenvalue.  Some  design  considerations  are  also  pointed  out,  such  as:  (i)  spot 
size  of  supergaussian  reflectivity  profile  for  low  diffraction  rings;  (ii)  resonator  magnif¬ 
ication  for  low  mirror  misalignment  sensitivity;  (ii)  peak  reflectivity  value  for  optimum 
output  coupling  and  flat  top  output  beeim. 


2 .  The  Supergaussian  Approach 


The  "superguassian"  intensity  reflectivity  profiles  is  defined  by  the  following  analytical 
form: 

R(r)  =  R  expl-  2(r/w  )’’]  (1) 

o  m 

where  R  is  the  intensity  peak  reflectivity,  r  the  radial  coordinate,  Wj^  is  defined  as  the 
mirror  °  spot  size,  and  n  as  the  "order  of  supergaussianity" .  The  choice  of  a  such  reflectiv¬ 
ity  profile  provides:  (i)  simple  analytical  solution  of  the  mode  equation  within  the  frame¬ 
work  of  geometrical  optics;  (ii)  simple  equations  for  the  design  of  the  resonator  param¬ 
eters;  (iii)  cavity  modes  bell-shaped  and  flatter  than  a  gaussian  curve  and  therefore 

no  diffraction  rings,  with  wide  filling  of  the  active  medium;  (iv)  satisfactory  fittings  of 
various  reflectivity  profiles  of  existing  devices. 
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For  unstable  resonators  with  supergaussian  mirrors,  geometrical  optics  provides  for  a 
satisfactory  approximation  of  mode  profiles  and  losses^ For  a  supergaussian  reflectivity 
shape  of  order  n  [see  (1)J,  the  fundamental  mode  solution  is  simply  a  supergaussian  beam 

u  (r)  “  exp[-  (r/w.)^]  ,  (2) 

o  1 

where  Uo(r)  is  the  amplitude  of  the  beam  incident  on  the  supergaussian  mirror  and  w.  is  its 
spot  size  given  by  ^ 


w,  =  w  (M  -  1 ) 
1  m 


(3) 


The  round  trip  loss  for  the  fundamental  mode  is 


The  output  beam  profile  UQ^^(r)  is  obtained  by  multiplying  the  amplitude  of  the  beam  in¬ 
cident  on  the  mirror  by  the  mirror  transmission: 


u  ^(r)  =  u  (r) [1  -  R(r) 
out  o 


(5) 


As  an  example.  Fig.  1(a)  shows  the  intensity  profiles  of  the  mode  pattern  on  a  supergauss¬ 
ian  mirror  (Rq  =  44%,  n  =  2.8)  and  of  the  transmitted  beam,  calculated  by  squaring  the  fields 
given  by  (2)  and  (5),  as  a  function  of  r/Wj^  along  with  the  reflectivity  profile,  for  a  given 
resonator  magnification.  The  cavity  mode  profile  is  supergaussian  of  the  same  order  as  that 
of  the  mirror.  This  mode  profile  laying  in  between  rectangular  and  gaussian  shapes,  should 
combine  the  advantages  of  both  profiles.  The  soft  smoothing  avoids  building  up  of  pronounced 
diffraction  rings  typical  of  hard  edge  beam  profiles.  However,  the  large  portion  of  the  beam 
at  almost  constant  intensity  allows  for  a  wide  filling  of  the  active  medium  and  consequently 
for  an  efficient  energy  extraction.  The  output  beam  is  no  longer  supergaussian  and  its  shape 
depends  on  Rq  and  M:  a  central  dip  appears  in  the  output  beam  for  values  of  Rq  and  M  such 
that  Rq  >  1  (see  Fig.  1(a)).  The  condition 
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Fig.  1  -  Theoretical  intensity  profiles  of  the  wave  incident,  on  a  supergaussian 

reflectivity  mirorr  (order  n  =  2.8  and  Rq  =  544%)  and  of  the  trasmitted  beam, 
lout'  ^  function  of  radial  coordinate  r  normalized  to  the  mirror  spot  size 
Wjj,,  for  two  resonator  magnifications:  (a)  M  =  2;  (b)  M  =  1.36.  The  reflectivity 
profile  of  the  mirror,  R,  is  also  reported. 
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(6) 


R  = 
o 


defines  the  so  called  maximally  flat  output  beam.  To  satisfy  Eq.  (6)  a  reduction  of  either 
Rq  or  M  is  required.  Figure  1(b)  shows  the  theoretical  intensity  beam  profiles  obtained  by 
lowering  the  magnification  down  to  M  =  1.36;  the  output  beam  profiles  appears  maximally  flat. 

To  design  the  resonator,  the  mode  spot  size  should  be  optimized  for  a  good  balancing 
between  efficient  filling  of  the  gain  medium  and  low  beam  perturbations  caused  by  diffrac¬ 
tion  at  the  rod  aperture.  For  an  unstable  confocal  resonator  with  Gaussian  mirror  the  best 
trade-off  has  been  demonstrated  theoretically  and  experimentally^^  to  occur  for  a  ratio  of 
mode  intensity  spot  size  (radius  at  1/e  of  the  mode  intensity)  to  rod  radius  between  0.4  and 
0.7.  This  situation  corresponds  to  an  active  material  with  an  hard  aperture  that  cuts  the 
intensity  wings  at  0.002-0.13  of  the  central  intensity  pea]i.  This  criterion  has  also  been 
assumed  in  our  case  as  a  basis  to  calculate  the  mirror  spot  size  in  a  supergaussian  resonator. 
The  pea)c  reflectivity  and  the  magnification  must  be  chosen  with  consideration  of  the  output 
losses  [Eq.  (4)],  the  mode  discrimination,  which  increases  with  M,  the  misalignment  sensitiv¬ 
ity^®,  and  the  output  beam  shape,  which  may  have  a  central  depression. 


3 .  Practical  Devices  with  Gaussian  and  Supergaussian  Reflectivity  Profiles 


The  main  difficulty  with  tapered  reflectivity  output  couplers  is  to  fabricate,  with 
standard  optical  techniques,  practical  devices  which  can  withstand  high  power  (if  needed), 
and  are  not  specific  to  a  given  laser.  Up  to  now  a  few  devices  with  radially  variable  re¬ 
flectivity  profiles  have  been  experimentally  demonstrated®"®. 

The  availability  of  devices  whose  parameters  (spot  size,  pea)c  reflectivity,  index  n)  can 
be  tuned  independently,  is  extremely  important.  To  this  purpose,  thin  film  vacuum  evapora¬ 
tion  techniques  have  been  developed^’,  that  allow  to  fabricate  multidielectric  mirrors  whose 
reflectivity  profile  is  entirely  under  control.  These  methods  are  essentially  based  on  the 
shadowing  effect  of  fixed  non-contact  mas)4s  with  a  circular  aperture,  placed  between  the  cru¬ 
cible  and  the  substrate.  One  of  these  techniques  is  fully  described  in  Ref.  [18].  The  mirrors 
consist  of  a  glass  substrate  coated  with  an  antireflection  X/4  layer  of  magnesium  fluoride 
on  which  a  second  layer  of  cadmium  telluride  or  zinc  selenide  is  deposited.  The  thic)cness  of 
the  second  layer  is  X/4  at  the  center  and  slowly  decreases  to  zero  at  the  edge.  Lastly,  to 
protect  the  mirror,  very  thin  film  of  silicon  dioxide  has  been  deposited.  As  an  example,  the 
reflectivity  profile  of  two  dielectric  mirrors  fabricated  with  our  techniques  are  reported 
in  Fig.  2.  Figure  2(a)  shows  a  gaussian  (n  =  2)  reflectivity  profile  with  a  spot  size  Wj^  = 

=  3.9  mm;  Fig.  2(b)  shows  a  supergaussian  reflectivity  profile  with  n  =  2.8  and  spot  size 
W|^  =  2.2  mm.  A  large  variety  of  reflectivity  profiles  can  be  simply  achieved  which  allow  to 
meet  the  design  constraints  of  a  large  number  of  unstable  resonators. 


4 .  Experimental  Results 


The  supergaussian  mirror  reported  in  Fig.  2(b)  was  used  in  an  unstable  resonator  for 
flash-pumped  Nd:YAG  laser.  The  pump  cavity  housing  a  3  x  1/4  inch  rod  was  a  reflective  close- 
coupled  type  to  provide  for  uniform  pumping  of  the  rod.  To  record  the  near-  and  far-field 
intensity  distributions  of  the  laser  output  a  linear  array  of  512  photodiodes  spaced  by  25 
pm  was  used.  In  the  experiments  the  supergaussian  mirror  was  flat  and  the  resonator  magnifi¬ 
cation  was  varied  by  changing  the  cavity  length  and  the  radius  of  curvature  of  the  totally 
reflecting  rear  mirror.  The  laser  rod  was  placed  close  to  the  rear  mirorr.  To  test  the  per¬ 
formances  of  unstable  resonators  with  supergaussian  mirrors  two  resonator  magnifications  M  = 

=  1.36  and  M  =  2  ha/e  been  considered;  the  first  was  obtained  with  a  resonator  360  nm  long 
and  a  convex  rear  mirror  of  15  m  curvature  radius,  the  second  with  a  resonator  of  375  mm 
and  a  convex  3  m  mirror.  The  choice  of  an  high  magnification  privileges  the  mechanical  sta¬ 
bility  with  respect  to  the  output  energy,  while  the  opposite  happens  for  the  lower  magnifi¬ 
cation. 

Figures  3 ( a)  and  3(b)  show  the  shape  of  typical  near-  and  far-field  patterns  of  the  output 
beam  for  M  =  1.36.  The  near-field  intensity  distribution  is  quite  uniform  and  almost  flat 
with  a  diameter  at  half  maximum  D  =  5.4  mm,  in  satisfactory  agreement  with  the  theoretical 
curve  in  Fig.  1(b).  The  spot  size  of  th'  mirror,  Wj^  =  2.2  mm,  determines  the  fundamental  mode 
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REFLECTIVITY  (•/.) 


Fig.  2  -  Reflectivity  profiles  of  experimental  VRM  obained  by  thin  film  deposition  tech¬ 
niques  (dots).  The  solid  lines  are  fitting  curves  calculated  assuming  (a)  a  gauss- 
ian  reflectivity  profile  (n  =  2,  =  3.9  mm,  Rq  =  44%),  (b)  a  supergaussian  re¬ 

flectivity  profile  (n  =  2.8,  Wjj,  =  2.2  mm,  Rq  =  44%). 


Fig.  3  -  Near  and  far  field  intensity  distributions  of  the  beam  coupled  through  the  super¬ 
gaussian  mirror  shown  in  Fig.  2(b)  for  two  resonators  magnif ications :  (a)  and 
(c)  show  the  near  fields  for  M  =  1.36  and  2  respectively;  (b)  and  (d)  the  corre¬ 
sponding  far-field. 
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spot  size  in  the  resonator.  At  the  rod  position  the  mode  is  cut  by  the  rod  aperture  at  0.15% 
of  the  peak  intensity  which  falls  close  to  the  lower  limit  established  by  the  criterion  re¬ 
ported  in  section  2.  From  the  far-field  pattern  a  divergence  angle  (at  half  width  at  half 
maximum)  of  0.2  mrad  is  measured.  The  quantity  DO^/X,  equal  to  1.0,  almost  corresponds  to 
that  of  a  diffraction  limited  beam,  which  for  a  rectangular  profile  turns  out  to  be  0.6. 

The  shapes  of  typical  near-  and  far-field  intensity  patterns  are  reporeted  in  Fig.  3(c) 
and  3(d)  for  M  =  2.  According  to  the  theoretical  plot  of  Fig.  1(a)  the  output  beam  shows  a 
central  dip  in  the  near-field  and  the  diameter  of  the  beam  at  half  maximum  (D  =  6.8  mm)  is 
larger  than  that  obtained  at  lower  magnification.  At  this  resonator  magnification  the  mode 
is  cut  by  the  rod  aperture  at  5.4%  of  the  peak  intensity,  which  falls  within  the  criterion 
considered  in  section  2.  The  divergence  angle,  =  0.12  mrad,  is  slighter  smaller  as  a  con¬ 
sequence  of  a  larger  output  beam  and/or  better  mode.  The  sensitivity  of  the  two  resonators 
to  mirror  misalignment  has  been  tested  by  measuring  the  output  energy  as  a  function  of  the 
mirror  tilting  angle.  The  value  of  the  tilting  angle  that  halves  the  output  power  is  0.25 
mrad  for  M  =  1.36  and  0.8  mrad  for  M  =  2;  therefore  the  high  magnification  resonator 
is  less  sensitive  to  mirror  misalignment. 

Figure  4  shows  the  output-versus-input  energy  curves  for  the  two  resonator  magnifications. 
As  expected  the  output  energy  is  less  for  the  higher  magnification  resonator,  which  however 
shows  an  output  beam  closer  to  diffraction  limit  ana  a  lower  sensitivity  to  mirorr  mis¬ 
alignment  . 
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Fig.  4  -  Laser  output  energy  as  a  function  of  the  electrical  input  energy  to  the  lamp  for 
the  two  resonators  (of  magnification  M)  considered  in  Fig.  3. 

As  a  conclusion,  we  have  introduced  the  supergaussian  mirrors  as  a  new  class  of  variable 
reflectivity  output  couplers,  and  we  have  proposed  a  simple  geometrical  approach  to  analyze 
and  design  resonators  using  this  kind  of  mirrors.  A  supergaussian  mirror  of  order  n  =  2.8 
built  by  special  vacuum  deposition  technique,  has  been  successfully  tested  with  a  pulsed 
Nd.-YAG  laser  obtaining  diffraction  limited  beams. 
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Abstract 

The  Raman  gain  for  a  broadband  laser  is  reduced  from  the  monochromatic  value  when 
the  dispersion  is  small  over  a  gain  length  for  a  low- Fresnel- number  pump  geometry  for 
most  Raman  transitions. 


A  computer  code  with  two  transverse  dimensions  in  a  focussed  geometry  is  used  to 
predict  the  behavior  of  a  Stokes  seed  generator.  The  presence  of  anti-Stokes  radiation 
affects  both  the  threshold  and  the  spatial  profile  of  the  Stokes  light.  The  computet 
program  successfully  predicts  the  experimental  degree  of  gain  suppression  and  the 
features  of  the  fat-field  Stokes  spatial  profile  at  atmospheric  pressure.  The  gain 
suppression  factor  for  linearly  polarized  light  in  H2  is  found  to  depend  on  the  Fresnel 
number  of  the  focal  geometry,  the  dispersion  between  the  pump,  Stokes  and  anti-Stokes, 
the  pump  power,  and  wavelength.  This  calculation  also  shows  that  the  primary 
contribution  to  the  Stokes  is  from  approximately  one-half  the  full  Raman  linewidth 
off- resonance  for  a  tightly  focussed  pump.  Physically  this  occurs  because  the  plane-wave 
gain  is  higher  of f- resonance  since  there  is  less  parametric  coupling  of  the  Stokes  and 
anti  Stokes.  Additionally,  the  pump  spatial  profile  causes  ray-bending  when 
of f- resonance,  resulting  in  a  higher- gain  configuration  that  that  given  on- resonance . 


Introduction 

The  transmission  of  high- intensity  light  over  long  distances  is  altered  by 
properties  of  the  propagation  medium.  In  particular,  air  results  in  phase  and  amplitude 
distortion  of  laser  light.  This  distortion  is  caused  by  turbulence  and  various  nonlinear 
processes.  At  lower  pressure,  it  is  thought  that  only  a  few  processes  have  a  significant 
effect  because  of  the  low  density.  Stimulated  Raman  scattering  is  expected  to  be  the 
primary  interaction.  However,  to  test  these  expectations  and  measure  their  effect 
reguires  a  difficult  experiment.  Hence,  it  is  reasonable  to  pursue  an  alternative  in 
which  related,  tractable  experiments  are  performed  and  then  to  extrapolate  to  the 
pper  atmosphere.  Such  an  extrapolation  should  use  analysis  validated  by  the  scaled-down 
experiments . 

An  analysis  of  Raman  scattering  should  include  diffraction,  Stokes  antistokes 
coupling,  dispersion,  and  laser  polarization.  There  are  numerous  other  aspects  of  Raman 
scattering  which  may  be  included  in  a  detailed  analysis  of  the  Raman  interaction.  These 
effects  are  discussed  in  the  next  section.  Those  terms  that  are  not  important  ate 
dropped  after  brief  consideration. 

The  third  section  discusses  the  numerical  procedures  used  in  solving  the  simplified 
equations.  Economical,  efficient  routines  are  used  to  obtain  accurate  solutions  with 
reduced  computational  effort.  These  solutions  ate  presented  in  the  final  section,  along 
with  a  discussion  of  the  implications. 


Equations  of  Motion 


The  general  equations  describing  laser  propagation  in  the  atmosphere  can  be  made 
very  complicated.  However,  experience  has  shown  that  in  clean  ait  there  ate  only  a  few 
major  effects.  Turbulence  and  laser- induced  heating  are  two  mechanisms  which  increase 
the  angular  divergence  of  the  beam.  For  propagation  in  the  upper  atmosphere  where  the 
medium  density  is  low,  these  effects  may  not  be  critical.  Absorption  is  an  effect  which 
reduces  the  beam  intensity  and  can  result  in  heating  of  the  medium.  However,  absorption 
is  found  to  be  insignificant  at  the  higher  altitudes. 


Various  complications  to  simple  steady  state  stimulated  Raman  scattering  arise  in 
particular  cases.  Laser  pulses  of  very  short  duration  result  in  a  material  oscillation 
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which  is  not  in  the  steady- state  regime.  This  may  alter  the  gain  behavior  ot  the  Kaman 
interaction.  Behavior  otf- resonance  may  be  important  for  strong  Stokes  antistokes 
coupling.  For  high  fluence  and  low  medium  density,  population  saturation  may  become 
important.  Also,  inhomogeneous  Doppler  broadening  may  dominate  over  collisional 
broadening  at  low  densities.  The  nonlinear  Kerr  effect  may  also  play  a  role  in 
increasing  the  angular  divergence  of  the  beam,  and  in  causing  scintillation.  Speculation 
regarding  the  importance  of  four-wave  mixing  between  various  Raman  lines  should  be 
addressed.  With  these  introductory  remarks,  one  may  write  out  the  general  equations  of 
motion  for  a  laser  in  the  atmosphere,  as  follows. 

Eguation  for  propagation  of  laser: 
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=  m*^^  field;  m  -  0  corresponds  to  pump,  m  =  1 

corresponds  to  Stokes 

-  optical  wavenumber  of  field  Am 

=  32/3x2  +  32/3y2,  z  is  direction  of 

propagation 

=  gain  constant  such  that  wi  eguals  one-half  the 
Stokes  intensity  gain 

=  optical  frequency  of  field  Am.  corresponds  to 
Stokes 

amplitude  of  optical  phonon;  the  phonon  is  an 
off-diagonal  density-matrix  element 

=  difference  in  Gladstone- Dale  constants  between  ground 
state  and  Raman- excited  state 

=  unperturbed  gas  density  of  ground  state  population 

=  Loschmidt  number 

=  fraction  of  population  transferred  from  ground  state  to 
excited  state 

=  Gladstone- Dale  constant  of  unperturbed  gas 
=  heating- induced  perturbation  of  the  density 
=  Kerr  constant  for  field  Am 

turbulence- induced  ref ract ive-  index  variations 
=  intensity- absorption  coefficient  of  field  Am 
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Equation  foe  evolution  of  0  and  n: 
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Equation  for  heating; 
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=  local  wind  speed  in  x-dlrection,  transverse  to  direction  of  laser 
propagation 

^  speed  of  sound 

-  heat ing-  induced  density  perturbation 
unperturbed  gas  density 
=  heating  rate 

=  absorption  coefficient  for  field  A^ 
population  relaxation  rate 
^  population  transferred  to  upper  Raman  level 


Uf  --  optical  frequency  cot  respond  inq  to  the  energy  difference  of  the 

Raman  shift 

These  equations  are  written  for  a  reference  frame  moving  with  the  laser  pulse  (the 
so-called  "retarded"  frame).  Since  dispersion  in  the  upper  atmosphere  is  weak,  we  have 
neglected  differences  in  group  velocities  for  the  various  fields  Aj^.  We  have  also 
neglecte'd  four-wave  mixing  terms  which  couple  different  Raman  transitions:  these 
parametric  processes  are  omitted  in  this  paper. 

The  above  equations  ate  presently  those  modelled  with  the  Avco  Raman  code.  Each 
physical  process  is  characterized  with  a  separate  subroutine  of  high  convergence  order  in 
the  dependent  variables.  These  subroutines  may  be  included  to  model  the  important 
physical  effects  for  a  given  situation.  Despite  each  subroutine's  high  degree  of 
accuracy,  care  must  be  taken  to  obtain  convergence  of  the  overall  program.  The  overall 
program  for  the  simplified,  approximate  equations  may  be  much  mote  straightforward  than 
that  indicated  above. 

In  order  to  simplify  the  above  equations  and  to  consider  genetic  effects,  the 
transient  phenomena  are  disregarded.  The  resulting  steady  state  equations  represent  the 
propagation  of  most  beams  of  interest.  In  addition,  the  Kerr  effect,  absorption,  and 
turbulence  are  ignored  for  the  present  calculations.  The  resulting  steady  state  Raman 
equations  are  as  follows: 
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Q  =  I  L  Aj  A^^J^  exp(-i(k.^^  -  k.)z)]/(l4i  Au,/  r  2)  (7) 

These  are  the  equations  modelled  and  the  results  ate  a  consequence  of  the  effects 
so  described.  The  following  section  details  the  numerical  techniques  used  in 
computerizing  the  solution  to  these  equations. 

Numerical  Procedure 

Equations  (6)  and  (7)  shown  above  may  be  viewed  as  a  simple  set  of  ordinary 
differential  equations  in  which  diffraction  and  nonlinear  gain  ate  the  driving  terms. 

This  is  the  basis  for  a  spl it- operator  technique  which  computes  a  contribution  for 
gain  and  diffraction  and  averages  them  together  appropriately. 

The  diffraction  operator  contribution  is  performed  in  the  usual  way.  by  taking  the 
fields  A[b  from  the  x-representation  to  the  k  representation  using  f^st  Fourier 
transforms  (FFT's).  Then  Ani(k  )  is  multiplied  by  a  complex  phase  factor 
exp(ik2  Az/2km)  and  the  inverse  transform  is  performed.  These  transforms  may  be 
one- dimensional  (1-D),  circular,  or  two-dimensional  (2-D),  depending  on  the  desired 
propagation  geometry.  The  I- D  and  2-D  rectilinear  transforms  ate  performed  with  the 
usual  FFT  algorithms.  The  resulting  diffraction  operation  is  denoted  below  as  D, 
regardless  of  the  propagation  geometry. 

The  gain  (i.e.,  Raman  conversion)  operator,  denoted  by  G,  is  also  standard.  A 
fourth-order  Runge  Kutta- Simpson  algorithm  is  used  to  integrate  the  equations  (neglecting 
diffraction)  over  the  interval  Az .  An  approximation  is  used  to  calculate  k^i+i-km 
for  greater  numerical  accuracy  of  the  dispersion. 

Our  combined  algorithm  for  gain  and  diffraction  is: 

A^(z  +  Az)  =  I  (DG  +  GD]  A^^iz)  (8) 

This  particular  scheme  is  an  improvement  on  the  usual  split- operator  algorithm 
mentLonc’d  in  Ref . 1  ,  since  it  may  be  shown  that  out  scheme  has  an  additional  power  of 
Az  in  its  order  of  convergence  over  the  usual  split- operator  scheme. 

In  many  of  the  cases  of  interest,  particularly  the  laboratory  experiments,  the 
beams  propagate  through  a  focus.  We  have  therefore  developed  a  version  of  the  Raman  code 
which  has  full-foous  capability.  Out  approach  uses  the  Talanov  lens  transformation. 

This  approach  gives  a  result  that  is  exact  within  the  paraxial  approximation,  up  to  the 
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grid  resolution.  Denoting  the  lens  transformation  as  T  and  the  previous  d if f tact  ion- ga in 
split-operator  as  P,  one  obtains  the  following  expression  for  the  numerical  technique: 

A„(Z4A2)  =  TP  Am(z)  (9) 

This  method  gives  reasonable  results  and  seems  to  converge  rapidly  with  decreasing 
Az,  even  for  strongly- focussed  geometries. 

With  a  description  of  the  numerical  method  complete,  the  computational  results  will 
now  be  described. 

Results 

Of  primary  interest  is  the  gain  suppression  of  1 ineat ly- polar ized  light.  The  gain 
suppression  factor  as  a  result  of  Stokes- antistokes  coupling  is  calculated  by  dividing 
the  resonant  gain  increment  of  circularly  polarized  light  with  that  of  the 
gain-suppressed  linearly-polarized  light.  The  circularly  polarized  gain  is  multiplied  by 
two- thirds  to  account  for  the  decreased  gain  of  linearly  polarized  light  fat  from  phase 
matching.  Thus  the  following  results  show  how  rhe  gain  is  reduced  by  the  effect  oL 
Stokes- ant  it.  t.>kes  coupling. 

Figure  1  shows  the  gain-suppression  factor  as  a  function  of  the  unsuppressed  gain 
go  (defined  here  as  2/3  the  resonant  gain  increment  of  circularly  polarized  light),  for 
a  focussed  geometry  corresponding  to  a  1-amagat  N2  S(8)  Raman  experiment  (laser 
wavelength  =  1050  nm;  focal  length  =  15  m;  beam  diameter  at  tne  cell  entrance  =  1  cm; 
beam  diameter  at  focus  =  1  mm;  Raman  cell  length  =  30  m) .  Figure  1  gives  the  calculated 
gain-suppression  factor  when  the  beat  between  the  pump  and  Stokes  is  exactly  on  resonance 
with  the  Raman  transition.  Fat  from  phase-matching  this  would  correspond  to  the  Stokes 
frequency  of  maximum  gain.  However,  as  may  be  seen  from  the  figure,  because  of  strong 
Stokes-antistokes  coupling  in  this  geometry  the  gain  at  this  frequency  is  reduced  by 
factors  of  seven  to  ten.  As  the  frequency  offset  of  the  Stokes  is  varied,  the  gain  is 
seen  to  peak  at  roughly  the  frequency  corresponding  to  that  of  Figure  2.  Figure  2  shows 
the  gain  at  a  Stokes  frequency  shifted  to  the  blue  by  half  the  Raman  linewidth.  The 
result  is  somewhat  surprising;  the  gain  is  actually  higher  (less  suppressed)  than  for  the 
resonant  calculation.  The  off-resonant  gain  is  only  reduced  by  factors  of  two  to  three. 
This  frequency  of  peak  gain  may  vary  with  the  geometry  as  indicated  in  Ref.  1.  It  is 
also  worth  noting  that  gain  suppression  by  a  factor  of  approximately  2  is  indicated  in 
the  N2  experiment.  This  is  in  notably  good  agreement  with  the  prediction  of  a 
gain-suppression  factor  of  2.3  at  threshold,  as  shown  in  Figure  2,  corresponding  to 
similiar  conditions.  The  small  difference  may  be  a  result  of  many  different  effects, 
such  as  the  exact  spatial  and  temporal  profile  of  the  pump.  The  experimental  beam  is  not 
a  diffraction- limited  gaussian  beam  that  is  modelled  in  the  calculation.  Also  the  mode 
structure  of  the  pump  laser  is  such  that  the  beam  cannot  be  considered  monochromatic  as 
is  done  in  the  computation,  since  the  mode  spacing  is  much  smaller  than  the  Raman  line- 
width. 

These  results  are  similiar  to  those  obtained  for  H2  vibrational  Raman  in  Ref.  1. 
with  approximately  the  same  amount  of  gain  reduction  for  comparable  geometries  (when  the 
phase-mismatching  length  is  less  that  a  gain  length).  The  color  of  the  Stokes  light  is 
blue-shifted  in  both  cases  by  roughly  the  same  amount.  Thus  the  computations  appear  to 
give  estimates  of  the  gain  suppression  comparable  to  that  of  the  experiment  and  that  of 
other  authors. 

It  is  also  of  interest  to  check  the  concurrence  of  the  spatial  profiles  between  the 
experiment  and  the  computation.  This  is  indicated  in  Figures  3-6.  Figure  3  shows  the 
Stokes  intensity  profile  at  the  output  window  for  various  input  intensities  and  a 
resonant  Stokes  frequency.  Figure  4  shows  the  same  relationships  at  a  frequency  shifted 
half  a  linewidth  to  the  red.  These  results  are  of  interest  but  are  not  directly 
comparable  to  the  experimental  profile  in  which  the  appearance  is  determined  by  the 
Stokes  frequency  of  highest  gain.  Profiles  corresponding  (roughly)  to  the  frequency  of 
highest  gain  are  shown  in  Figure  5.  Far-field  intensity  profiles  for  the  same  frequency 
offset  ate  shown  in  Figure  6.  Several  interesting  features  may  be  noted  in  these  plots. 
The  intensity  profiles  of  Figure  3  show  that  significant  energy  has  moved  outward  from 
the  region  containing  the  pump.  This  is  undoubtedly  because  the  Stokes-antistokes 
coupling  eliminates  growth  in  the  forward  direction.  The  highest  intensity  also  shows  a 
dramatically  different  profile  compared  to  the  other  two  plots.  The  intensity  profiles 
of  Figure  4  show  that  the  Stokes  light  is  more  concentrated  at  the  red- shifted 
frequencies  compared  to  the  profiles  of  Figures  3  and  5.  This  is  a  consequence  of  the 
self-focussing  at  the  red- shifted  frequencies.  Nonetheless  the  blue-shifted  frequencies 
for  which  profiles  are  shown  in  Figure  5  have  the  highest  gain.  This  is  in  accord  with 
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the  results  of  Ref.  1  at  the  Fresnel  numbers  present  in  the  experiment.  Also  in 
agreement  with  the  result  of  Ref.  1  is  the  fat-field  intensity  distribution  which  has  a 
hole  in  it  as  shown  in  Figure  6.  In  addition,  the  experimental  data  indicates  a  Stokes 
far-field  intensity  which  is  spatially  skewed  with  respect  to  the  laser  intensity 
distribution  in  a  way  which  suggests  a  similar  hole.  Thus  the  calculated  transverse 
profiles  compare  qualitatively  with  the  experimental  profiles  and  those  of  other  authors. 

In  summary,  the  computational  methods  and  approximations  have  resulted  in 
predictions  which  agree  qualitatively  with  the  experiment  and  with  other  publications. 
Despite  the  partial  agreement  between  theory  and  computation,  several  important  features 
of  the  Stokes  output  ate  not  described  by  the  calculation.  One  such  feature  is  the 
apparently  random  variation  of  the  Raman  threshold  with  pump  laser  energy  tor  linearly 
polarized  light.  Another  important  and  unexplained  feature  is  the  distribution  of  energy 
among  the  various  Stokes  lines.  Hopefully  a  mote  complete  analysis  will  be  able  to 
predict  such  behavior. 
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Figure  1  Computed  Gain-Suppression 

Factor  qo/g  vs  Unsuppressed 
Gain  Increment  go  for  the 
Laboratory  Geometry  at  the 
Resonant  Frequency. 
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Figure  2  Computed  Gain-Suppression 

Factor  vs  the  Unsuppressed  Gain 
Increment  go  for  the 
Laboratory  Geometry.  The 
Stokes  frequency  is  offset  so 
that  the  pump-Stokes  beat  is 
half  a  Raman  linewidth  off  the 
Raman  Resonance. 
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Figure  3  Computed  Stokes  Intensity  vs  Radius  at  Cell  Exit  Window  for  Entrance-Cell 
Window  Intensity  of;  (a)  0.5  GW/cm2;  (b)  1  GW/cm2;  (c)  4  GW/cra2. 
Horizontal  scale:  0-3.6  cm  full  scale.  P  -  pump;  S  -  Stokes,  A  -  Anti¬ 
stokes  Pump  and  Stokes  Peak  Normalized  to  Full  Scale;  Antistokes  Peak 
Normalized  to  that  of  Stokes.  Only  128  of  the  256  radial  points  used  in 
the  Calculation  ate  Shown. 
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Figure  4  Computed  Stokes  Intensity  Figure  5  Computed  Stokes  Intensity 

Profile  at  a  Frequency  Shifted  Profile  at  a  Frequency  Shifted 

Half  a  Raman  Linewidth  to  the  Half  a  Raman  Linewidth  to  the 

Red.  (a)  0.5  GW/cm2;  (b)  1  0-^  GW/cm2;  (b)  1 

GW/cm2.  GW/cm2.  Only  256  of  the  512 

Radial  Points  Used  in  the 
Calculation  are  Shown. 
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Figure  6  Computed  Fat-Field  Stokes 
Intensity  Profiles  at  a 
Frequency  Shifted  Half  the 
Raman  Linewidth  to  the  Blue, 
(a)  0.5  GW/cm2;  (b)  1 
GW/cm2.  Only  64  of  the  512 
Radial  Points  Used  in  the 
Calculation  are  Shown. 
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Abstract 
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Experimental  Setup 


The  effects  of  propagating  a  high  energy 
collimated  UV  laser  beam  through  an  absorbing 
cloud  are  presented.  The  absorption  is 
strong  enough  that  the  aerosols  undergo 
explosive  evaporation  during  the  laser  pulse. 
Wavefront  movements  of  a  probing  laser  beam 
due  to  the  high  energy  laser  beam  absorption 
and  the  cloud  clearing  phenomenon  are 
discussed . 

Introduction 

Propagation  of  high  energy  laser  beams 
through  the  atmosphere  is  rather  complicated. 
The  beams  suffer  not  only  from  scattering  and 
absorption  by  both  atmospheric  molecular 
species  and  atmospheric  aerosols,  but  also 
more  importantly  from  the  nonlinear  effects 
associated  with  changes  in  the  atmospheric 
optics  caused  by  these  processes . Cloud 
clearing  phenomenon  was  suggested  as  a  means 
of  increasing  laser  beam  transmission  by 
dissipating  the  scattering  aerosols  into 
small,  and  thus  less  efficient,  scatterers 
through  strong  aerosol  absorption.  This 
phenomenon  has  been  the  subject  of  theo¬ 
retical  investigations  for  many  years. ^ 
Experimental  investigation  of  the  cloud 
clearing  phenomenon  in  a  laboratory  simulated 
environment  from  a  low  power  CO2  laser  beam 
was  reported  not  long  after  the  invention  of 
the  CO2  laser. ^  Experiments  involving  high 
flux  lasers,  however,  have  been  limited  to 
single  droplet  investigations  so  far.®'^ 

In  this  paper  we  report  the  results  of  an 
experimental  study  on  the  interaction  of  a 
collimated  high  energy  UV  laser  pulse  with  a 
large  volume  absorbing  cloud  in  a  laboratory 
environment.  The  laser  beam  extinction  due 
to  aerosol  absorption  was  so  strong  that 
given  the  laser  fluence  of  the  experiment  the 
aerosols  were  well  into  the  explosive  evapo¬ 
ration  regime.  We  believe  that  this  experi¬ 
ment  is  the  first  of  its  kind  to  study  the 
interaction  of  a  large  aperture  pulsed  high 
energy  laser  beam  with  a  large  volume 
absorbing  cloud  which  is  in  the  explosi'^'^ 
evaporation  regime. 


The  experimental  system  which  was  used  in 
performing  this  study  is  shown  in  Figure  1. 
A  high  energy  e-beam  pumped  excimer  laser 
system  operated  at  a  308  nm  output  wavelength 
(XeCl)  was  used  as  the  laser  energy  source. 
The  laser  pulse  width  was  0.9  ns.  The  laser 
fluence  delivered  to  the  aerosol  chamber  was 
~  3  J/cm^  with  a  beam  aperture  of  approxi¬ 
mately  10  cm^ .  The  aerosol  chamber  was  a  15 
cm  dia,  one  meter  long  cylindrical  pyrex 
tube.  Water  droplets  were  generated  by  an 
ultrasonic  humidifier  and  fed  to  the  chamber 
through  a  flexible  tubing.  A  small  amount  of 
a  strong  UV  absorber  (cinnamate  salt)  was 
dissolved  in  the  water  to  achieve  the  neces¬ 
sary  absorption.  The  absorption  character¬ 
istics  of  the  cinnamate  salt  solution  are 
discussed  in  the  next  section. 

The  diagnostic  system  consisted  of  a  large 
aperture  Mach-Zehnder  interferometer  combined 
with  a  streak  camera  system  for  wavefront 
movement  analysis,  and  additional  standard 
laser  power  and  energy  diagnostics.  Trans¬ 
mission  through  the  cloud  channel  was  moni¬ 
tored  continuously  by  a  low  power  collinearly 
propagating  HeNe  laser  beam.  This  measure¬ 
ment  provided  information  about  the  cloud 
densities.  Input  and  transmitted  UV  laser 
energy  were  monitored  to  measure  the  total 
extinction  of  the  pulsed  UV  laser  beam.  This 
was  compared  with  the  low  power  measurement 
which  in  turn  gave  information  on  the  cloud 
droplet  sizes. 

Results  and  Discussion 

Figure  2  shows  the  comparison  of  the 
transmission  of  the  laser  beam  at  two 
different  wavelengtlis,  namely  at  633  nm 
(HeNe)  and  at  308  nm  (XeCl)  in  the  cloud. 
Figure  2a  shows  the  comparison  with  a  pure 
water  only  cloud.  The  total  extinction  in 
this  case  is  due  to  Mie  scattering  by  the 
cloud  droplets  since  the  absorption  coef¬ 
ficient  of  pure  water  at  both  wavelengths  is 
very  small  (ot^bs  =  6  x  10  cm  @  30  8  nm  and 

=  ^  X  10”^  cm”^  @  633  nm) .®  The  slope  of  this 
curve,  which  is  the  ratio  of  the  Mie 
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scattering  efficiency  of  the  cloud  droplets 
at  these  wavelengths,  is  found  to  be  0,8. 
This  implies  that  the  average  droplet  size 
<r^>  should  be  large  compared  to  both  wave¬ 
lengths,  that  is,  <r^>  >  lum.  Notice  that 
this  measurement  only  sets  the  lower  bound  on 
the  average  aerosol  size,  further  measurement 
is  needed  to  establish  the  size  distribution. 

Figure  2b  shows  the  same  measurement,  but 
for  the  UV  absorbing  cloud  which  contains  the 
cinnamate  solution.  Notice  that  the  laser 
fluence  for  this  set  of  data  was  substan¬ 
tially  less  than  the  available  fluence.  This 
is  because  at  a  high  fluence  level  nonlinear 
effects  associated  with  explosive  cloud 
evaporation  occur  during  the  laser  pulse. 
The  cinnamate  concentration  of  the  solution 
for  the  experiment  was  controlled  at  the  20 
g/liter  level.  We  have  performed  a  low  power 
absorption  measurement  on  the  cinnamate 
solution  at  very  low  concentration,  indi¬ 
cating  that  at  the  20  g/liter  concentration 
level  the  absorption  coefficient  is  1840  cm’^ 
at  308  nm.  The  absorption  coefficient  of 
cinnamate  solution  at  633  nm  was  negligibly 
small.  The  slope  of  Figure  2b  which  gives 
the  ratio  of  the  total  extinction  efficien¬ 
cies  for  the  cinnamate  cloud  at  these  two 
wavelengths  is  1.2.  Since  the  asymptotic 
limit  of  the  total  extinction  efficiency  of 
aerosol  particles  is  two,  regardless  of  the 
absorption  strength  of  the  aerosol  parti¬ 
cles,®  the  addit-i-^nai  attep''=>'' ion  measured 
with  the  cinnamate  cloud  has  to  come  from  the 
background  cinnamate  vapor. 

An  important  time  scale  concerning  pulsed 
aerosol  absorption  and  its  subsequent 
explosii^n  is  che  time  it  takes  for  the 
aerosol  droplets  to  rise  in  temperature  to  ~ 
0.8T^  (where  T^  is  the  critical  temperature 
of  the  bulk  liquid) ,  and  to  create  a  pressure 
inside  the  expanding  droplet  greater  than  the 
surface  tension  of  the  liquid. At  this 
time,  the  aerosol  particles  will  undergo 
explosive  evaporation.  We  can  write  an  order 
of  magnitude  estimate  for  the  characteristic 
as: 

“I^exp  =  +  2 

where  a  is  the  absorption  coefficient,  I  is 
the  incident  laser  flux,  the  explosive 

evaporation  time,  p  is  the  liquid  density, 
is  the  heat  capacity,  AT  =  T^  -  a  is 

the  surface  tension,  and  r^^  is  the  radius  of 
droplet.  For  the  case  of  interest  in  thi«! 
experiment  we  have:  a  =  1840  cm”’',  I  =  3.3  x 


10*  W/cm^,AT  =  220”  C,  o  =  7.2  x  10  *  J/cm^  r^ 
=  1  pm  and  =  0.15  ps .  Calculation 

«xp 

indicates  that  the  aerosol  absorption  is 
strong  enough  chat  the  cloud  is  evaporating 
explosively  even  during  the  la.ser  pulse. 

Figure  3  shows  the  wavefront  movement  of 
the  probing  laser  beam  on  a  short  time  scale, 
with  the  timing  of  the  reference  UV  laser 
pulse  shown  at  the  left.  The  picture  shows 
the  time  evolution  of  a  horizontal  slice  of 
the  fringe  pattern  from  the  Mach-Zehnder 
interferometer.  Time  is  running  vertically 
downward.  The  total  time  span  in  this  figure 
is  5  ps .  It  can  be  seen  from  Figure  3  that 
during  the  short  (several  ps)  tim.e  scale,  the 
wavefront  movement  is  not  very  significant. 
The  movement  was  linear  with  time  during  the 
laser  pulse.  Total  fringe  movement  incurred 
at  the  end  of  the  laser  pulse  was  consistent 
with  what  one  would  expect  if  the  cloud 
droplets  in  the  laser  beam  path  had  evapo¬ 
rated  completely.  This  wavefront  movement  is 
in  contrast  with  the  longer  (500  ps)  time 
scale  behavior  as  shown  in  Figure  4  which 
shows  a  much  more  violent  movement.  After 
100  ps  which  corresponds  to  the  acoustic 
transit  time  across  the  beam  aperture,  the 
fringe  pattern  becomes  quiet  again.  At 
longer  time  sweeps  (1  ms)  of  the  same 
measurement,  the  pressure  wave  bouncing  hack 
from  the  chamber  wall  could  be  clearly  seen. 

The  cloud  clearing  phenomenon  registered 
os  an  ■  •"prc'”'ement  in  the  low  power  probing 
beam  transmission  right  after  the  high  energy 
UV  laser  beam  application  was  achieved,  as  is 
clearly  shown  in  Figure  5.  Figure  5a  shows 
that  the  risetime  of  the  visibility  improv'*- 
ment  is  <  100  ps.  There  is  a  lot  of  fine 
structures  in  the  signal  after  the  cloud 
clearing  lias  set  in.  This  might  be  due  to 
heated  vapor  forced  convection  in  and  out  of 
the  probing  column.  This  movement  might  also 
carry  the  unheated  droplets,  which  were 
originally  outside  of  the  probing  path,  into 
it  in  a  turbulent  fashion.  Figure  5b  shows 
that  the  cloud  clearing  which  improves  the 
laser  beam  transmission  can  last  for  as  long 
as  two  seconds,  after  which  the  transmission 
returns  to  the  prelaser  application  level. 
No  experiments  were  performed  to  establish 
the  scaling  of  the  clearing  time  with  other 
variables.  Figure  6  shows  the  visibility 
improvement  data  from  a  collection  of  shots 
where  the  input  laser  fluences  were  between  2 
and  3  J/cm^.  The  results  show  that  at  higher 
cloud  density  the  cloud  clearing  effect  can 
improve  the  beam  transmission  by  as  much  as 
threefold,  while  at  lower  cloud  density  the 
effect  is  less  dramatic. 
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Conclusion 


Results  from  an  experimental  investigation 
of  the  interaction  of  a  collimated  high 
energy  UV  laser  beam  with  a  large  volume 
absorbing  cloud  are  presented.  Measurements 
of  the  cloud  extinction  characteristics 
indicate  that  tne  average  size  of  the  aerosol 
droplets  is  probably  greater  than  i  nm .  The 
absorbing  droplet  has  enough  abscrptiori  that 
even  during  the  laser  pulse  it  undergoes 
explosive  evaporation  which  results  in 
uniform,  linear  fringe  mc-vements  durina  the 
laser  pulse.  Total  fringe  movement  during 
this  period  is  consistent  with  chat  expecrea 
from  total  evaporation  of  the  cloud  droplets. 
This  is  followed  by  more  violent  fringe 
movements  during  the  acoustic  wave  transit 
time.  At  about  this  time,  evidence  for  the 
cloud  clearing  effect  appears  as  an  improve¬ 
ment  in  the  probing  laser  beam  transmission. 
The  cloud  clearing  phenomenon  lasts  as  long 
as  two  seconds  after  which  the  transmission 
returns  to  the  prelaser  application  level. 

Future  experiments  are  planned  to  explore 
the  scaling  of  the  cloud  clearing  process  and 
the  detailed  dynamics  of  the  explosive  evapo¬ 
ration  associated  with  strong  aerosol  absorp¬ 
tion  of  a  high  energy  pulsed  laser  beam. 
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Figure  1.  Schematic  of  the  experimental  system  for  high 
energy  laser  beam  propagation  oxiier im.onts  . 
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Comparison  of  l.aser  beam  t  ran.smi ss  icn  at;  two 
different  wavelength-S  for  (a)  a  ptire  water  ol-u>i 
and  (b)  a  cinnamato  cloud. 
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P-METHOXYCINNAMATE  CLOUD 

VISIBILITY:  52%  [{I/I,)  @  533 

LASER  FLUENCE:  2.5J/cm^ 

«7-7i99  LASER  PULSEWIDTH:  0.9  [is 

Figure  3.  The  wavefront  movement  of  the  probing  laser  beam 
on  a  short  time  scale.  The  timing  of  the 
reference  UV  laser  pulse  is  shown  at  the  left. 
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Figure  4.  The  wavefront  movement  on  a  longer  tine  scale 
(500  (IS  span)  is  much  more  violent.  After  -100 

US  from  the  high  energy  laser  application,  the 
wavefront  becomes  quiet  again. 
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Figure  5.  The  cloud  clearing  phenomenon  increases  thi 
probing  laser  beam  transmission.  (a)  The  rise 
time  of  the  transmission  increase  is  ~  100  ns 
(b)  The  cloud  clearing  can  last  as  long  as  2  s . 
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Figure  6.  Comparison  of  the  probing  beam  transmission 
before  and  after  the  high  energy  laser  beam 
propagation . 
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Abstract 

As  the  number  of  applications  grow  for  laser-written  imagery,  there  is  an 
increasing  interest  in  the  manner  of  which  the  associated  image  quality  may  be 
expressed,  and  especially  in  the  way  in  which  new  image  metrics  may  be  required. 
Experience  shows  however  that  existing  metrics,  developed  in  the  past  for  more 
conventional  types  of  imagery,  may  be  readily  adapted  to  laser-written  hardcopy, 
with  the  benefits  of  allowing  absolute  comparisons.  A  further  advantage  of  these 
metrics  is  that,  as  for  conventional  imaging,  they  readily  lend  themselves  to  systems 
modelling  studies,  aimed  at  identifying  the  mechanistic  parameters,  which  control 
and  limit  the  final  image  quality. 

A  review  is  given  of  some  of  the  recent  work  in  this  field,  and  examples  are  given 
of  the  way  in  which  the  mechanisms  of  laser  writers  influence  the  associated  image 
quality  metrics. 

Introduction 


As  laser-written  hardcopy  becomes  a  common  imaging  output  mode,  the 
problem  is  posed  of  expressing  the  quality  associated  with  the  image  in  a  rigorous 
and  absolute  manner.  Especially,  as  laser-writers  become  more  sophisticated, 
growing  importance  is  attached  to  the  question  of  designing  image  quality  into  the 
system.  Although  there  is  a  natural  tendency  to  develop  new,  technology-specific 
image  descriptors,  experience  shows  that  in  fact  it  is  more  fruitful  to  look  to  the 
wider  world  of  imaging  and  borrow/adapt  well-established  imaging  systems 
evaluation  methodologies. 

It  is  the  purpose  of  this  paper  to  outline  the  nature  and  origins  of  existing  image 
descriptors,  and  to  indicate  how  they  may  be  successfully  applied  in  the  present 
context. 

Linear  Systems  Approach 

The  application  of  Fourier-based  linear  systems  theory  to  optical  and 
photographic  images  has  a  long  history,  as  summarized  in  reference  1 .  However  the 
majority  of  this  work  was  carried  out  in  the  context  of  so-called  continuous-tone 
imagery,  as  in  conventional  photography.  The  problem  is  thus  posed  of  adapting 
this  body  of  knowledge  to  cases  where  the  image  is  scanned/sampled/screened,  etc., 
or  in  other  words  takes  on  discrete  characteristics,  as  in  conventional  halftones. 

A  landmark  contribution  was  made  in  1934  by  Mertz  &  Gray2,  who  provided  a 
fundamental  two-dimensional  analysis  of  the  role  of  the  scanning  aperture  in 
picture  transmission  in  the  context  of  television  systems.  Almost  forty  years  later 
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this  work  was  extended  by  Robinson^,  who  also  developed  a  rigorous  mathematical 
approach  to  the  analysis  of  a  two-dimensional  image  screening  process.  More 
recently  Huck  et  al.'*  presented  quantitative  results  on  the  magnitude  of  aliasing 
and  blurring  as  a  function  of  random  radiance  fields  typical  for  natural  scenes,  and 
of  spatial  responses  and  sampling  intervals  typical  for  optical-mechanical  scanners. 

Information  Theory  Approach 

The  success  of  application  of  the  Fourier-based  linear  systems  approach  to 
images  of  a  discrete  nature  leads  naturally  to  the  question  of  overall  quality  criteria 
in  these  terms.  An  information-theory  approach  is  then  an  obvious  choice,  and  this 
approach  has  yielded  conspicuous  successes  in  many  branches  of  applied  imaging. 
Shannon's  signal-to-noise  based  information  theorems^  were  subsequently  adapted 
to  two-dimensional  spatial  images,  notably  by  Fellgett  and  Linfoot^  In  1955. 
Numerous  extensions  of  this  approach  to  discrete  information  storage^  and 
continuous  recordings  have  followed. 

In  1984  Fales  et  al.9  specifically  addressed  the  application  of  information  theory 
to  the  performance  and  design  of  line-scan  and  sensor-array  imaging  systems.  They 
investigated  the  practical  design  implications  of  the  key  systems  components  which 
limit  and  determine  signal  and  noise  for  line  scan  arrays.  For  example,  they 
considered  the  influence  on  signal  transfer  of  the  spatial  lattice  geometry  (and 
hence  showed  the  advantages  of  a  regular  hexagonal  array)  and  the  effects  of 
sampling  and  quantization  noise  on  the  overall  noise  spectrum. 

The  information  theory  approach  thus  offers  practical  solutions  to  systems 
optimization  of  laser  writers,  and  subsequent  developments  in  this  field  would 
seem  promising.  However  for  convenience  the  approach  adopted  here  is  based  on 
the  closely-related  concept  of  noise-equivalent  input. 

Noise-Equivalent  Image  Metrics 

The  development  of  noise-equivalent  image  metrics  took  place  in  the  context  of 
quantum  limited  detectors,  and  fundamental  contributions  in  the  imaging  field 
were  due  to  Rose'O  and  Jones'  ’,  with  a  summary  given  in  reference  12. 

Under  conditions  where  the  input  exposure  in  quantum-limited  this  approach  is 
naturally  applicable,  and  is  based  on  the  quantized  nature  of  the  input  radiation.  In 
other  words,  imaging  is  approached  from  a  "particle"  viewpoint,  rather  than  the 
"wave"  viewpoint  of  linear  systems  theory.  Even  when  there  is  no  input  exposure 
criterion  as  such,  the  metric  of  noise-equivalent  input,  or  noise-equivalent  quanta 
(NEQ)  still  provides  a  universal  imaging  metric.  We  may  define  the  efficiency  of 
information  transfer  during  imaging  the  detective  quantum  efficiency  (DQE), 
where 


Q  denotes  exposure  (input)  quanta, 

0  denotes  output  variable, 

DQE  thus  compares  input  to  output  variances  in  like  terms.  Making  use  of  the 
Poisson  nature  of  the  exposure  quanta. 
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and  in  terms  of  the  gain,  g 


^(?  =  Q. 


DQK  = 


H 


The  number  of  noise-equivalent  quanta  (NEQ)  associated  with  the  exposure  Q  is 
then  derived  from  the  relationship 


and  hence 


DQE  = 


NEQ 

Q 


NEQ  = 


AO- 


The  link  with  linear  systems  theory  can  be  made  by  the  generalized  expression '3 

NEQ  (lo)  =  —  g  "(<j) 

A0-((o) 


where  W  denotes  the  spatial  frequency  variable,  and  we  are  now  concerned  with 
the  spatial  frequency  components  of  signal  gain  and  image  noise.  Further,  when 
these  latter  quantities  are  themselves  functions  of  exposure  level,  we  write 


NEQ  iQ,od) 


In  terms  of  familiar  photographic  image  metrics  of  gamma,  MTF  and  Wiener 
Spectrum,  we  can  write  for  the  gain 

g(Q,w)=  — — — \{Q)MTEtu>) 

Q 


and  for  the  output  variance 


A0'^(Q,a))=  IVS(Q.u) 


and  finally 


NEQ  (Q.u)= 


0,189  Y^(y)AfrF^(io) 
VVSTQ.w) 


The  imaging  problem  can  then  be  reduced  to  optimization  of  DQE  for  detection 
(image  exposure/capture)  and  maintenance  of  captured  NEQ  through  subsequent 
image  systems  transfer  through  to  output,  or  hardcopy. 


Evaluating  Halftones 

Both  the  linear-systems  approach  and  the  noise-equivalent  viewpoint  have  been 
proved  useful  in  the  context  of  halftones.  For  example  Kermisch  and  Roetlingi4 
have  calculated  the  Fourier  spectrum  of  a  halftone  image  as  a  function  of  the 
original  continuous-tone  image  and  the  halftone  process.  It  has  also  been 
demonstrated  15  how  the  signal-to-noise  ratio  of  a  halftone  image  may  be 
calculated  in  a  way  which  leads  to  the  determination  of  the  number  of  NEQ's  for  a 
halftone  system.  Following  this  latter  approach,  a  more  detailed  noise  analysis  of 
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electrophotographic  halftones  has  shown  how  noise  models  may  be  developed  for 
quantized  output  images'6.i7,and  especially  how  the  Siedentopf  relationship's,  an 
image-particle  model  developed  for  continuous-tone  photographic  images,  might 
be  applied  to  electrophotographic  halftones.  In  its  simplest  form  this  states  that  the 
low-frequency  Wiener  spectrum  may  be  related  to  the  number,  N,  and  cross-section 
area,  a,  of  the  image  particles  in  a  half-tone  cell  by 

WS(y, 0)  =  0.189  ATa- 

This  relationship  allows  the  number  of  NEQ's  recorded  per  half-tone  cell  to  be 
related  to  the  characteristics  of  the  imaging  particles. 

Evaluating  Laser-Written  Images 

An  extensive  review  of  laser  scanning  for  electronic  printing  is  due  to  Urbach 
et  al.,'9  with  special  emphasis  on  the  role  of  systems  parameters.  Bestenreiner 
et  al.20  have  studied  the  visibility  of  raster  lines  and  banding,  enabling  performance 
standards  to  be  set  for  polygon  minor  beam  deflectors.  Sullivan  and  Ray2i  have 
considered  the  modification  of  the  profile  of  the  laser  exposure  beam  from  an 
image  quality  viewpoint.  Other  relevant  investigations  include  the  relationship  of 
random  and  periodic  noise  in  raster-written  images22,  an  analysis  of  image  noise 
due  to  position  errors23.24. 

The  specific  application  of  noise-equivalent  metrics  to  laser-written  images  was 
discussed  by  Shaw  and  Burns25,  and  recently  Burns26,27  has  elaborated  on  this 
approach  Figure  1  shows  a  calculation  of  the  number  of  NEQ's  per  pixel  as  a 
function  of  the  number  and  size  of  the  particles  used  to  form  the  image.  This 
calculation  was  based  on  a  laser-writer  as  the  hardcopy  device  for  the  display  of 
detailed  information  from  a  medical  radiograph25 

Figure  2,  due  to  Burns27,  shows  a  similar  calculation  over  the  complete  spatial 
frequency  and  exposure  working  space.  The  NEQ  values  calculated  here  include  the 
influence  of  laser  and  quantization  noise  as  well  as  the  particle  size  of  the  hardcopy 
process.  When  expressed  in  this  way  the  image  quality  can  thus  be  compared  in 
absolute  terms  with  any  other  type  of  imaging  process,  conventional  or  otherwise. 

Future  advances  in  the  applications  of  these  image  metrics  should  allow  a  more 
detailed  understanding  of  the  factors  influencing  laser-written  image  quality,  with 
especial  benefits  in  systems  design  and  optimization. 
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Figure  1 :  Calculation  of  NEQ's  per  pixel  as  a  function  of  diameter  and  number  of 
imaging  particles. 25 


Figure  2:  NEO  for  a  printed  image,  including  the  effects  of  laser  and  quantization 

noise. 27 
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Abstract 


The  reactions  of  energetic  materials  are  rapid  and  often  violent  and  require  specialised 
diagnostics  to  study  them.  A  method  recently  applied  to  this  problem  is  laser  illuminated 
high  speed  photography  v/ith  a  copper  vapor  laser  that  can  record  up  to  10,000  laser  illumi¬ 
nated  images  per  second.  This  type  of  laser  photography  has  provided  images  that  detail 
the  performance  of  a  material  or  component  in  a  manner  never  before  possible.  The  cooper 
vapor  laser  can  also  be  used  for  the  ignition  of  energetic  materials.  Details  of  such 
ignitions  are  readily  observable,  and  the  burn  rate  of  the  material  can  be  determined 
directly  from  the  film.  There  are  indications  that  information  useful  for  the  modeling  of 
energetic  material  reactions  v/ill  become  available  as  well.  Recent  results  on  several 
materials,  including  Ti/2B,  a  pvrotechnic  torch,  and  the  explosi^'e  hexanitrostilbene ,  are 
presented . 


Introduction 


The  evaluation  of  the  properties  of  energetic  materials,  such  as  burn  rate  and  ignition, 
is  of  primary  importance  in  understanding  their  reactions  and  hov;  devices  containing  them 
perform  their  function.  One  method  ^or  recording  such  information  is  high  speed  photogra¬ 
phy  at  rates  of  up  to  20,000  images  per  second.  When  a  copper  'rapor  laser  is  synchronized 
with  the  camera,  laser  illuminated  images  can  be  recorded  that  detail  the  performance  of  a 
material  and/or  component  in  a  manner  never  before  possible.  The  copper  vapor  laser  used 
for  these  experiments  had  an  average  power  of  30  watts  and  produced  pulses  at  a  rate  of  up 
to  10  kHz.  The  30  nanosecond  pulse  width  of  the  laser  essentially  freezes  all  motion  in 
the  burning  material,  thus  providing  stop-action  pictures  at  a  rate  of  up  to  10,000  per 
second.  Each  laser  pulse  has  a  peak  power  of  170,000  watts,  which  provides  ample  illumina¬ 
tion  for  the  high  speed  photography.  Laser  ignition  of  the  energetic  material  is  also  a 
very  clean  and  measurable  method  of  ignition,  and  the  material  can  be  ignited  without  other 
devices,  such  as  bridgewires  or  electric  squibs,  that  interfere  with  the  photography. 
Several  energetic  materials  have  been  studied  with  the  copper  vapor  laser,  and  the  results 
are  presented  in  this  paper.  These  include  the  ignition  and  burn  rate  of  Ti/7H,  the  illu¬ 
mination  of  a  functioning  pyrotechnic  torch,  and  the  laser  ignition  of  high  explosives. 

Experimental 

The  experimental  configuration  used  to  record  the  high  speed  photographs  of  the  ener¬ 
getic  materials  is  shown  in  Figure  1.  Modifications  to  the  optics  in  the  area  labeled 
"Optics"  are  made  depending  on  the  experiment  ano  the  information  sought.  During  an 
experiment,  the  cam.era  drives  the  laser  through  a  delay  generator  that  is  set  to  a  pre¬ 
determined  delay  depending  on  the  camera  speed.  This  ensures  that  when  a  laser  pulse  is  at 
the  experimental  point,  the  camera  shutter  is  open  and  the  laser  illuminated  image  is 
recorded.  The  choice  of  camera  lens,  filters,  speed,  and  f  stop  are  dictated  by  the 
experiment.  The  camera  is  a  rotating  prism  camera  that  provides  one  trigger  pulse  per 
frame.  When  an  eight-sided  prism  is  used  in  this  camera,  full  frame  images  are  recorded. 
For  this  work  a  sixteen-sided  prism  was  used,  and  two  images  were  recorded  per  frame. 
Since  there  is  only  one  trigger  pulse  per  frame,  one  of  these  images  is  illuminated  with  a 
laser  pulse,  the  other  is  not.  This  provides  a  direct  comparison  between  laser  and  non¬ 
laser  illuminated  images  and  clearly  shows  the  usefulness  of  the  laser  ^or  this  tvpe  of 
photography. 


Results 


The  configuration  of  the  optics  used  for  the  laser  ignition  and  burn  rate  studies  of 
Ti/2B  is  shown  in  Figure  2.  The  part  of  the  beam  used  for  ignition  is  focused  tightly  on 
top  of  the  pellet  of  Ti/2B.  The  pellet  was  0.375  in.  in  diameter  by  0.375  in.  ivjng .  The 
major  part  of  the  beam  was  compressed  into  a  sheet  with  cylindrical  optics  and  passed 
across  the  top  of  the  pellet  to  illuminate  the  gases  and  particulates  produced  in  the 
ignition.  The  laser  sheet  effectively  illuminated  a  cross  section  of  the  ignition  zone  and 
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allowed  the  examination  the  internal  structure  of  this  region.  A  small  portion  o-^  the 
beam  was  used  to  illuminate  the  pellet  of  material.  This  allovved  the  determination  of  the 
scale  of  the  experiment  recorded  on  film  and  permitted  the  viewing  of  the  material  prior  to 
ignition.  The  tremendous  self-illumination  of  the  Ti/2R  reaction  recuired  that  the  photog¬ 
raphy  be  done  through  a  510-nm  interference  filter.  The  burn  rate  experiments  were  done  at 
a  laser  repetition  rate  of  3  kHz,  and  a  photograph  of  a  frame  from  the  16-mm  film  is  shown 
in  Figure  3.  It  was  found  that  the  burn  rates  of  different  blends  of  materials,  and  the 
manner  in  which  these  materials  ignited,  could  readily  be  observed.  The  ignition,  as  well 
as  the  turbulence  created  by  the  ignition,  was  clearly  visible  with  the  sheet  lighting. 
The  burn  rate  of  Ti/HB  under  these  conditions  varied  from  1®  to  3"’  mm/s  and  correlated  v^el] 
with  burn  rate  data  taken  by  other  methods. 

A  second  example  using  the  copper  vapor  laser  to  studv  energetic  material  reactions  was 
the  illumination  of  the  flame  t^om  a  pyrotechnic  torch.  The  initial  stages  of  ignition  and 
burn  were  ot  primary  importance  to  the  proper  functioning  of  this  devrice.  All  ot  the  beam 
was  used  to  sheet  light  the  region  directly  above  the  center  ot  the  torch.  Part  ot  the 
sheet  was  picked  off  with  a  right  angle  prism  after  it  passed  through  the  torch  t]ame  and 
was  then  directed  to  illuminate  the  torch  bodv.  The  torch  bodv  was  metal  and  was  painted  a 
flat  white  to  eliminate  specular  reflections.  The  torch  was  filmed  at  a  laser  repetition 
rate  of  8  kHz,  and  a  frame  of  film  from  the  initial  part  of  the  burn  in  shown  in  Figure  4. 
The  internal  striicture  of  the  flame  is  clearly  visible  with  the  sheet  lighting.  Void 
spaces  can  be  seen  as  well  as  other  structural  features  that  show  up  from  the  laser  illumi¬ 
nated  smoke  and  particulates. 

A  third  example  of  this  technique  was  to  observe  the  laser  interaction  with  a  high 
explosive  up  to  the  point  o*"  ignition.  The  entire  beam,  with  an  average  power  of  30  watts 
and  a  6-kHz  pulse  repetition  rate,  v/as  focused  onto  a  small  pellet  of  the  explosive 
hexanitrostilbene  (HNS)  ^or  these  experiments.  There  was  enough  scattered  laser  light  trom 
the  focused  spot  to  illuminate  the  region  above  the  pellet.  Figures  5  and  6  show  HNS  iust 
prior  to  ignition  and  just  after  ignition,  respectivelv .  The  clouds  of  explosive  vapor  or 
condensable  decomposition  products  are  clearlv  visible  above  the  HNS  pellet  in  Figure  5. 
Examination  of  the  film  shows  pulses  of  such  clouds  just  prior  to  ignition.  when  the 
pellet  ignites,  it  burns  with  a  flame  that  is  above  the  surface  of  the  pellet,  as  shown  in 
Figure  6. 

Conclusion 


The  value  of  the  copper  vapor  laser  to  illuminate  and  photograph  the  reactions  of  ener¬ 
getic  materials  has  been  demonstrated.  The  laser  has  proved  to  be  useful  as  an  ignition 
source  for  these  materials  by  providing  a  verv  clean  method  of  ignition.  The  structure  of 
the  torch  flame  should  be  of  particular  interest  to  those  who  mode’  si ch  reactions.  For 
the  first  time  it  is  possible  to  observe  the  internal  structure  of  the  flame.  It  is  also 
possible  to  get  some  idea  of  the  flame  composition.  Cold  particles,  for  example,  scatter 
the  laser  light  and  appear  green.  Hot  particles  appear  white  or  yellow  in  contrast.  The 
absence  of  scattered  laser  light  indicates  that  primarily  hot  gases  are  being  produced  hy 
the  reaction. 

Laser  illuminated  high  speed  photography  of  energetic  materials  is  still  in  its  infancy. 
As  more  progress  is  made  in  this  area,  it  is  felt  that  more  will  be  learned  about  energetic 
materials  and  their  reactions. 


772 


Figure  3 


-  Laser  ignition  of  Ti/2B. 


Figure  4  -  Pyrotechnic  torch  -  left 
image,  laser  sheet  lighted;  right 
image,  sel f-i 1 luminat ion . 


Figure  5  -  HNS  pellet  prior  to  laser 
ignition . 


Figure  6  -  HNS  pellet  just  after  laser 
ignition  (right  image  from  self¬ 
illumination)  . 


DESIGN  OF  A  TWO-LENS  GAUSSIAN  BEAM  WAIST  TRANSFORMER 


James  E.  Adams,  Jr, 

Photographic  Research  Laboratories  -  Photographies  Products  Group, 

Eastman  Kodak  Company,  Rochester,  New  York  14650 

Abstract 

The  Gaussian-beam  ray  trace  matrix  equations  are  solved  for  the  case  of  a  two-lens 
system.  Five  distinct  sets  of  input  parameters  are  considered  and  the  corresponding  solu¬ 
tions  derived  and  examined. 

Introduction 

The  design  of  a  laser  optical  system  (at  least  for  low  power  situations)  is  a  simple 
affair  as  first  summarized  by  Kogelnik  and  Li.^  Recently,  the  author  was  faced  with  the 
question  of  how  to  reimage  a  Gaussian  beam  waist  with  as  few  elements  as  possible  within 
given  packing  constraints.  Tolerances,  as  usual,  were  also  a  concern.  It  was  a  conclu¬ 
sion  of  the  author  that  for  a  large  number  of  cases  one  given  waist  can  be  transformed 
into  another  waist  by  the  use  of  only  two  catalog  lens,  i.e.  the  solution  can  be  forced  to 
consist  of  standard  focal  length  lens. 

ABCD  Matrix  Method 

To  review  the  premise  of  the  ABCD  matrix  method  is  that  the  first  order  properties  of 
most  any  optical  system  can  be  represented  in  a  2  x  2  matrix.  With  this  matrix,  paraxial 
rays  may  be  "transferred"  from  the  entry  plane  of  the  system  to  the  exit  plane.  Figure  1 
presents  the  nomenclature  used  in  this  paper. 


Gaussian  Beam  Definitions 


We  now  define  the  complex  beam  parameter,  both  generally  in  (2)  and  at  a  beam  waist 
in  (3),  and  the  Rayleigh  length  in  (4).  After  this,  we  show  how  the  complex  beam  parameter 
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is  "transferred"  from  the  entrance  plane  to  the  exit  plane  of  the  system  in  (5).  The 
values  for  A,  B,  C  and  D  come  from  the  optical  system's  ABCD  matrix. 


(2) 


(3) 


(4) 


^2  = 


A  +  B 

C  Qi  +  D 


(5) 


It  is  a  simple  matter  at  this  point  to  write  a  system  of  simultaneous  equations  that 
will  serve  as  the  basis  of  all  of  the  subsequent  mathematics  in  this  paper.  We  assume 
there  is  a  Gaussian  beam  waist  at  both  the  entrance  plane  'plane  1)  and  the  exit  plane 
(plane  2).  Equations  (3),  (4),  and  (5)  are  combinea  to  obtain  (6).  This  equation  is  then 
decomposed  into  real  and  imaginary  expressions  in  (7). 


j  2r2  a  B 

j^2  “  '  — 

j  C  +  D 

-C  Zp2  Zp2  =  B 
D  Zp2  =  A 


ABCD  Matrix  for  One-Lens  System 


(6) 


(7) 


As  a  quick  review,  the  solution  to  the  one-lens  system  is  presented.  There  are  many 
textbooks  that  arrive  at  this  solution  in  a  number  of  approaches,  for  example,  Gaskill.^ 
We  will  use  the  approach  of  ABCD  matrices,  expanding  upon  it  later  when  discussing  the 
two-lens  system.  Figure  2  shows  the  system  layout  and  (8)  is  the  corresponding  ABCD 
matrix. 


Discussion 


For  convenience  we  have  expressed  in  (9)  the  lens'  focal  length  in  terms  of  its 
equivalent  optical  power,  i.e.,  the  reciprocal  of  the  focal  length.  Also,  we  have  defined 
in  (10)  d  to  be  the  overall  length  of  the  system  from  entrance  plane  to  exit  plane.  There 
should  be  no  confusion  with  this  d  and  the  D  in  the  ABCD  matrix. 
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Taking  the  expression  for  A,  B,  C,  and  D  from  the  ABCD  matrix  and  substituting  them 
into  our  Gaussian  beam  waist  system  of  simultaneous  equations  allows  us  to  solve  for  the 
lens  optical  power,  (11)  and  (12),  and  distance  from  the  input  waist  to  the  lens  (13). 
Note  that  there  are  two  sets  of  solutions.  These  are  discussed  separately  below. 
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Figure  2 
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0  =  - 
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d  =  dj^  +  d2 


d 


=  - 

^R1  ■  ^R2 


Real  Versus  Virtual  Waist  Solutions 


(8) 

(9) 

(10) 

(11) 

(12) 

(13) 


Real  Waist  Solution 

The  two  types  of  solutions  are  physically  represented  in  Figure  3.  The  top  solution 
takes  the  real  input  waist  and  creates  a  real  output  waist.  The  advantages  of  this  setup 
are  1)  smaller  packaging  requirements,  2)  direct  accessibility  to  the  output  waist,  and 
3)  smaller  clear  aperture  requirements  on  the  lens. 


Figure  3 


Virtual  Waist  Solution 


The  bottom  solution  takes  the  real  input  waist  and  creates  a  virtual  output  waist. 
Though  it  may  look  a  bit  strange,  the  main  advantage  to  this  setup  is  that  it  has  been  the 
author's  experience  that  the  lens  power  tends  to  be  weaker  than  in  the  real  waist  solution. 
This  generally  carries  with  it  the  promise  of  looser  tolerances. 

ABCD  Matrix  for  Two-Lens  System 

The  problem  with  the  one-lens  solution  is  that  there  are  no  degrees  of  freedom  left 
over  to  handle  the  problems  of  space  constraint  and  lens  focal  length  availability.  Adding 
another  lens  (and  the  associated  spacing)  allows  the  designer  to  address  these  matters  as 
well. 


Discussion 


Th:  two-lens  system  is  shown  in  Figure  4  and  its  corresponding  ABCD  matrix  elements 
are  given  in  (14).  As  in  the  one-lens  case,  the  expressions  for  A,  B,  C  and  D  will  be 
substituted  into  our  set  of  simultaneous  equations  and  solved  for  two  variables.  It  is 
understood  that  the  remaining  variables  must  be  specified. 
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Figure  4 


(14) 


IA  —  1  ”  “  ^3^1  "*  ^3^2  ^2^3^1^2 

B  =  +  d2  ~  dQ^d2^j^  +  d^  “  d^^d^^^  "  ^2^3^2  ~  ^1^3^2  "*"  ^3_^2^3^1^2 

C  =  -02^  ~  ^2  *  ^2'^1^2 

D  =  1  —  ^1^1  ”  ^2^2  ~  ^1^2  "*"  ^3^2^1^2 

Five  Sets  of  Design  Constraints 

Five  variable  sets  are  presented  below.  In  each  case  it  is  assumed  that  variables 
not  mentioned,  e.g.,  beam  waist  size,  overall  length,  wavelength,  are  known. 

Given  d^  and  do.  Calculate  and 

Discussion 


By  substituting  the  ABCD  matrix  values  into  our  Gaussian  beam  simultaneous  equations, 
one  can  first  solve  for  the  power  of  the  first  lens,  (15)  and  (16),  and  subsequently  elim¬ 
inate  it  to  get  a  quadratic  expression  for  the  power  of  the  second  lens,  (17)  and  (18). 

The  two  solution  types  are  illustrated  in  Figure  5  and  generally  represent  whether  a  real 
intermediate  waist  is  formed  or  whether  a  virtual  intermediate  waist  is  formed. 

Figure  5  shows  that  we  have  selected  conjugates  so  that  the  final  waist  is  real.  We 
could,  of  course,  have  also  selected  them  so  that  it  was  virtual. 


As  one  might  expect,  the  powers  of  the  lenses  for  the  virtual  intermediate  waist  solu¬ 
tion  are  weaker  and  the  tolerances  are  looser. 

Special  cases  can  add  twists,  however.  If  one  selves  the  equations  for  the  setup  in 
Figure  6,  one  finds  two  solutions  with  real  intermediate  waists  in  the  same  position,  just 
different  sizes. 


Figure  5 


Figure  6 
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(15) 


^  ^  dj  +  d2  -*■  dg  +  <>2^~^R1%3  ~  ^1^3  ~  ^^2^3^ 

•  ^Rl^^RS  ^1(^2  +  d3)  +  «2‘^2(”2ri2r3  ■ 

2ri  -  Zi^3  +  «2^2r3^‘^1  +  ^2)  -  ZRid3) 

2^Ri(‘^2  ^3^  "  ^R3‘^l  *  ^2^2^^R3^1  "  ^Rl‘^3^ 

9 

^1^2  ®2^2  ^  ^3  ~  ^ 

=  "ZRl<i2^<2R3^  *  *^3^^ 

®2  “  ^^Rl‘^2t^R3^  '*'  ^3^^2  *  *^3^^ 

83  =  Zp3(Zj^32  +  jj^2)  _  +  (d2  +  d3)2] 


Given  d^  and  f2.  Calculate  d^  and 
Discussion 


With  this  set  of  constraints,  there  are  four  possible  solutions.  One  begins  by 
solving  for  lens  separation,  (21)  and  (22),  and  then  calculating  the  power  of  the  first 
lens  using  either  (19)  or  (20).  This  solution  set  could  be  used  to  "test  plate"  the  focal 
length  of  the  second  lens. 


di  +  d2  ■*■  d3  “  (d^  +  d2)d302  “  ^R1^R3^2 

<t>l  =  - 

ZriZr3(1  -  d202^  ~  d2(d2d302  ~  ^2  ~  ^3^ 

Zr2(1  -  d3^2)  “  2j,3(1  -  d2^2  "  ^1^2^ 

^2  ”  - - - - 

^R3^1^^2^2  "  1)  ~  ^R1^^2^3^2  ~  ^2  ~  *^3^ 

a2d2^  +  a2d2^  ■*■  33d2^  ■*■  ^4^2  ^5  ”  ^ 


31  “ 

32  “  2  Zp2^^1  ”  d)02^ 

<  33  —  t Zp2  ^ ^  “  d2)[(d  —  d2 )  ^2  ■*’  2  ]  +  Zp2Zp3^02^^2 
3^  =  -2Zp2[(*i  ~  ^1^^  ^  ^R3^^^2 

^  ^Rlf^*^  "  ^1^^  *  2r3^^R3  “  ^Rl^^  ~  ^R3‘^l^ 

Given  d2  and  f2.'  C3lcul3te  dn  and  fo 


Discussion 


(19) 


(20) 

(21) 


(22) 


By  specifying  both  d2  snd  f2,  all  one  h3s  done  is  trensformed  the  input  waist  into  an 
intermediate  waist  and  reduced  the  problem  to  a  one-lens  system  solution.  However,  if  one 
does  not  want  to  calculate  the  intermediate  waist  characteristics  and  solve  the  subsequent 
one-lens  solution,  these  equations,  (23)  through  (26),  can  be  used  to  calculate  d2  directly 
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(d  ~  “  d2 )  ( 1  “  d20j^)  ~  ~  ~  ^2^  ~  ^RI^R3^1 


<t>2  =  -  (23) 

“  ^2^1^  ~  ”  ^1  ~  ”  ^1  ”  ^2^ 

Zp2^ [  1  —  ^2^1  ”  ”  ^1  ~  d2)0]^]  “  ^R3 ( ^  ~  d^0j^) 

^2  =  - - - - -  (24) 

^R3(^1^2^1  ~  ^1  ~  ^2^  ”  ^Rl^^  ~  ^1  ”  ^2 ^^^2^1  *" 

32^d2^  +  32d2  ■*■  33  “  0  (25) 

®1  “  ^R1  “  “  <32^1  3 

32  “  ^f^Rl^*32  ■*■  ^Ri^R3^1  ~  d)  +  Z|^2d2(d202  “331  (26) 

'  ®3  “  ZR2d(d  -  2d2)  +  (Zj^2  “  “  Zj^iZr3) 


Given  do  and  £2-  Calculate  d2  and 
Discussion 


This  solution  set  is  very  similar  to  the  case  where  d2  and  £2  are  given  and  d2  and  £2 
are  calculated.  This  variable  combination  is  presented  £or  the  sake  o£  completeness. 

(d  -  d^  -  d2)(l  -  d2023  “  (d2d2^2  "  ^1  “  ^2)  “  Zr2Zr302 

<t>2  =  - : - ; - (27) 

^R1^R3  ^  ~  *^2^i3  “  (d  -  d2  -  d2)(d2d2^2  “  ^2  “  d2) 


Zr2[1  “  ^202  “  (d  -  d2  “  d2 )  ^2  3  ”  ^R3^3’  ”  *^1^13 

02  =  - ; - ^ - ; - ; - — -  (28) 

^R3^^1'^2^1  ”  ^1  “  <^2  3  “  ^Rl^^  -  d2  ~  d2  3(d202  “  13 

aidi^  +  a2d2  +  33  =  0  (29) 

^1  “  2r1  “  2r3^1  "  d2023^ 

32  =  2[ZR2(d2  +  d)  -  ZR2d2(l  -  d20233  (30) 

33  =  ZR2[(d  -  d2)2  -  ZriZr3(1  -  d202)^3  +  Zr3(Zr2Zr3  “  d22) 

Given  £3  and  £3.  Calculate  d2  and  d^ 

Discussion 


If  the  £ocal  lengths  of  the  lenses  have  been  chosen  and  £ixed,  this  solution  set  can 
be  used  to  calculate  the  £inal  positioning  o£  the  lenses.  There  is  a  possibility  o£  £our 
solutions  but  experience  shows  that  generally  only  two  will  be  real.  Additionally,  it  is 
not  necessarily  true  that  one  solution  will  involve  a  virtual  intermediate  waist  and  the 
other  involve  a  real  waist.  Figure  7  shows  one  case  where  both  intermediate  waists  are 
real . 

This  derivation  begins  by  finding  two  expressions  for  d^,  (31  through  34).  (Note 
that  (33)  defines  the  optical  power  for  the  total  system.)  Unlike  the  previous  situations, 
d2  cannot  be  expressed  as  a  simple  linear  equation  in  both  cases.  However,  d2  can  still 
be  eliminated  from  these  two  expressions  and  a  quartic  in  d2  produced,  (35)  and  (36). 
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This  is  the  most  challenging  of  the  systems  to  solve. 


+  ^^2^1  +  ^3  =  0 


(31) 


r  =  # 


b2  “  ~d^  +  d2^2^^  ~  ^2^1^ 

^^3  ~  “^R1^R3^  +  d  +  d2^2^*^2  ~ 


(32) 


01  +  ^2  “  <l>i<t>2^2 


di  = 


(33) 

(1 

“  d20i)]  “  ^2^2^ 

(34) 

■R1 

+  Zr3)* 

+ 

^4^2  ^  ^5  ”  ^ 

(35) 

®2 

=  4>2^2ri'^r2 

<  83 

=  ^i^22r1^R3^ <2 

-  d0i)(2 

^4 

=  203022|^3Zj^3{(Z] 

R1  ^  %3 

=  (Zp3  -  Zj^3)2  - 

%i2^R3^ 

(36) 
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Figure  7 


Afocal  System  Solution 

Discussion 


Gunter  and  De  Young^  explored  the  properties  of  a  two-lens  afocal  Gaussian  beam  trans¬ 
former.  These  results  can  be  recreated  from  our  ABCD  matrix  setup  with  only  a  little  bit 
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more  math  than  their  approach,  (37)  through  (42).  The  important  results  are  that  1)  by 
imposing  the  additional  restraint  of  being  afocal,  the  system  cannot  be  forced  to  consist 
of  standard  focal  length  lenses,  (40),  and  2)  with  an  afocal  setup,  the  position  of  the 
output  waist  tracks  linearly  with  the  input  waist  position,  (42),  and  the  size  of  the 
output  waist  is  constant  regardless  of  input  waist  position,  (40). 

To  derive  (40),  (37)  is  generated  from  (7)  and  (14).  In  the  limit  as  the  system  becomes 
afocal,  it  becomes  necessary  that  (39)  holds  so  that  (38)  does  not  become  undefined. 


Equation  (40)  follows  from  (39).  Equation  (41)  also  comes  from  (7)  and  (14).  Immediately 
setting  the  system  optical  power  to  zero  produces  (42). 


dl 


(Zm  +  Zfj3)4> 


(37) 


^R3 ^ ^  ~  ^2^2^  ~  ^R1 ^ ^  ~  ^2^1^  ^Rl^^  ~  ^2^ 


iim  Qi  =  iim  - 

+ 

(38) 

$->0  (Zj^l  +  Zj^3)^ 

2r1  ^R3 

Zri ( 1  —  ^2^1^  ~  ^R3 ^ ^  ~  ^2^2^  ”  ^ 

(39) 

^R1  “  ^R3  — 2 

(40) 

01 


^  ^Rl^R3*  “  dl^^  "  <^2^1^  "  *^2 

d3  =  - ^ -  (41) 

(1  “  ^2^2'  ~  ^1# 
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liNCINliERING  APPLICATIONS  OP  PULSED  LASER  VEL0C1ME:TRV 
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Edinburgh  E1114  4AS 
Scot  land 

Abstract 

This  paper  describes  an  optical  technique  for  measuring  the  in-plane  velocity  components 
over  an  extended  region  of  a  flow  SIMULTANEOUSEY .  The  metliod  of  application  to  flows  of 
interest  to  the  engineer  is  described  with  examples  being  taken  from  both  aerodynamic  and 
hydrodynamic  experiments  performed  in  the  laboratories  of  lleriot-lVatt  University. 

Int  roduction 


All  common  methods  used  to  measure  fluid  velocity,  to  date,  have  been  'point'  measuring 
techniques.  That  is,  they  measure  a  velocity  component  at  a  particular  position  in  the  flow 
averaged  over  a  small  volume.  They  may  also  provide  a  time  history  of  tlie  velocity 
fluctuations  at  that  point.  The  two  most  common  instruments  are  the  hot-wire  and  laser 
doppler  anemometer,  the  latter  being  a  non-intrusive  device.  The  major  limitation  of  such 
instruments  is  evident  when  simultaneous  multi-point  measurements  of  the  flow  arc  required. 
The  complexity  and  cost  of  such  an  experiment  escalates  rapidly.  Further  difficulties  arc 
encountered  if  multi-component  measurements  at  each  point  are  required. 

Pulsed  L  .ser  Vclocimetry  (PLV'j  enables  the  measurement  of  two  components  of  velocity  at 
many  point,  in  a  flow  at  the  same  instant.  Early  experiments  were  described  by  Grousson  and 
Mallik^  ard  Dudderar  and  Simpkins2.  The  first  experiment  carried  out  in  air  was  described 
by  Meynart  in  which  he  used  a  pulsed  Ruby  laser  to  investigate  the  velocity  field  in  a  low 
Reynolds  number  jet.  Lourenco  and  Whiffen^  reported  the  use  of  a  mechanically  chopped  Argon 
Laser. 


Particle  Image  Vclocimetry 

The  technique  requires  that  a  thin  sheet  of  light  illuminates  the  area  of  flow  over  which 
velocity  measurements  are  required.  Seeding  particles  are  introduced  into  the  measurement 
area  such  that  the  flow  characteristics  arc  unchanged.  A  camera  is  placed  to  collect  the 
light  scattered  at  90°  by  the  seeding  particles.  If  the  light  source  is  pulsed  rapidly  and 
each  pulse  is  short  enough  to  'freeze'  the  seeding  particle  in  its  flight,  multiple  images 
of  each  seed  travelling  through  the  light  sheet  will  be  recorded.  If  the  time  between  light 
pulses  is  T,  the  camera  optics  magnification  m,  and  the  particle  displacement  at  the  image 
plane  di,  the  magnitude  of  velocity  at  that  point  in  the  flow  is  given  by 
di 
"  mT 

with  the  vector  displacement  of  the  seed  particle  giving  the  vector  of  the  velocity. 

Any  point  in  the  flow  where  a  particle  occurs,  and  is  imaged,  the  fluid  velocity  can  be 
measured.  There  is,  however,  a  180®  ambiguity  in  the  sense  of  the  flow  vector. 

PLV  thus  requires  that  the  region  of  the  flow  under  investigation  must  be  illuminated  by 
a  light  sheet  with  enough  intensity  such  that  the  light  scattered  at  90°  by  seeding 
particles  is  sufficient  to  expose  the  photographic  film.  Seeding  with  the  correct 
scattering  characteristics  and  fluid  dynamical  properties  must  be  introduced  so  as  to  cover 
the  region  of  interest.  Once  the  film  has  been  exposed  and  developed  it  must  be  analysed  to 
determine  the  particle  displacements  over  the  region  of  the  negative. 

In  practice  the  light  source  is  provided  by  a  laser  which  can  produce  a  high  intensity 
beam  that  is  readily  steered  and  shaped  into  the  required  sheet.  The  type  of  laser  utilised 
is  dependent  on  the  flow  velocity  and  the  optical  properties  of  the  flow  under  investigation. 
Gontinuous  wave  lasers  can  be  chopped  mechanically  to  investigate  flows  with  low  maximum 
velocity.  The  criterion  relating  maximum  seed  particle  velocity  to  particle  size  and 
optical  riiagnification  were  discussed  by  Lourenco  and  lVhiffcn°.  Pulsed  lasers  with  pulse 
durations  of  nano-seconds  arc  capable  of  freezing  flows  with  velocities  below  300m. Figure 
1  shows  the  experimental  arrangement  by  which  a  10.1  Ruby  laser  is  steered  and  shaped  for  use 
in  the  low  speed  wind  tunnel  at  llcriot-Watt  University. 

Appl icat ions 


Ac  rodynamics 

Work  in  this  area  b.is  been  carried  out  at  both  high  and  low  m.agni  f  ic.at  ions ,  using  a 
variety  of  seeding  particles. 

Initially  experiments  were  carried  out  in  a  small  open-circuit  wind  tunnel  positioned  in 
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front  of  the  output  mirror  of  the  laser.  fhe  tunnel  working  section  was  70inni  higli  In-  ODdmiii 
long.  The  width  of  the  tunnel  varied  from  225mm  at  the  inlet  to  240mm  at  the  downstream 
end.  This  compensated  for  the  blockage  caused  by  the  increasing  boundai-\-  layer. 

A  smooth  brass  cylinder  of  length  230mm  and  diameter  Imm  was  placed  central  1>-  ii-i  the 
working  section.  A  35mm  camera  was  focussed  on  the  area  behind  the  c\-lindei-  to  recoid  the 
vortices  being  shed.  Figure  2  illustrates  typical  vortex  shedding  from  the  cylinder.  The 
mean  air  speed  was  3.4ms"l,  giving  a  Reynolds  number  Tor  the  I'low  of  207.  Due  to  the  small 
scale  of  the  experiment  the  camera  magnification  was  high,  approximate  1 >•  1,  proxiding  a 
viewing  area  of  24mm  by  36mm.  Due  to  the  small  area  under  \iew  enough  seeding  w;is  provided 
by  a  DISA  aerosol  generator  xv'hic^  produced  oil  droplets  with  diameters  in  the  range  2-5 
microns  at  a  concentration  of  lOccT^ 

The  pulsed  light  source  xvas  provided  by  a  10.1  Ruby  laser,  whose  output  beam  had  been 
shaped  into  a  sheet  b\'  a  simple  cyl indrical /concave  lens  pair.  At  this  magnification  and 
mean  wind  speed  the  pulse  separation  ivas  20ms  giving  a  particle  displacement  of  08  microns 
at  the  mean  wind  speed.  The  laser  pulse  was  chopped  into  two  lix-  a  Dockel  coll.  As  can  be 
seen  in  Figure  2,  the  flow  contains  regions  of  relatively  high  and  low  seeding  density. 

The  seeding  density  may  determine  the  method  by  which  the  particle  displacements  are 
measured . 

Figure  3  is  a  vector  plot  of  the  floiv  behind  the  cylinder,  in  which  the  mean  convection 
x'clocity  of  the  vortices,  taken  as  0.851)0,  has  been  subtracted. 

The  second  experiment  described  was  undertaken  in  the  main  closed-return  tunnel  which  has 
a  working  section  of  Im  x  Im.  In  this  case  the  output  from  the  Rub)-  laser  was  transmitted 
to  the  wind  tunnel  using  the  beam  guidance/shaping  optics  depicted  in  Figure  1.  At  no  time 
was  the  beam  focussed  to  a  point  as  this  would  have  resulted  in  ionisation  of  the  air. 

The  experiment  in  this  case  was  carried  out  at  a  magnification  of  0.2  giving  an  area  of 
view  of  180mm  x  120mm.  Figure  4  shows  an  image  of  the  floxv  over  an  inclined  flat  plate, 
the  mean  wind  speed  being  in  this  case  11ms"'. 

The  seeding  density  is  seen  to  be  essentially  low,  althougli  of  a  more  uniform  nature  than 
seen  in  tlie  vortex  shedding  plate.  Figure  2.  h'hen  making  measurements  over  a  larger  area 
the  number  of  scattering  centres  must  be  greatly  increased.  Since  the  seed  particles  were 
introduced  in  a  volumetric  manner,  and  could  not  be  concentrated  to  fill  only  the  two 
dimensional  sheet,  the  number  of  seeds  required  increased  in  proportion  to  \-olume  rather 
than  area.  In  this  particular  case  the  seeds  were  water  droplets  of  mean  diameter  30 
microns,  produced  by  an  atomiser,  which  were  introduced  upstream  of  the  cylinder.  The 
number  of  scattering  centres  could  have  been  increased  by  using  two  or  more  spray  heads. 

In  this  case,  the  laser  output  has  been  chopped  into  four  25ns  pulses  producing  four 
images  of  each  seed  particle.  Increasing  the  number  of  times  each  particle  was  imaged 
enhanced  the  ease  and  accuracy  with  which  the  particle  could  be  measured. 

In  all  the  experiments  involving  the  Ruby  laser  Kodak  Technical  Pan  type  2415  was  used. 
This  filiT'  was  ideal  due  to  its  high  resolution,  400  lines  per  mm,  coupled  with  its  extended 
red  sensitivity  which  gave  it  greater  'speed',  at  the  Ruby  output  wavelength  of  hOinm,  than 
other  nominally  faster  films. 
liydraul  ics 

-Studies  have  been  carried  out  in  a  channel  fitted  with  a  programmable  flap  wave 
generating  system.  Since  the  maximum  velocities  encountered  under  small  amplitude  water 
waves  arc  generally  below  1ms  a  much  longer  exposure  time  could  be  utilised  before  the 
particle  Images  began  to  blur.  The  output  from  a  15  watt  .Argon  laser,  chopped  mechanically, 
was  found  to  provide  enough  illumination  in  this  case.  The  attcnuation/sc-ittering 
characteristics  of  water,  which  has  an  optical  'window'  in  the  green  region  of  the  spectrum, 
also  meant  that  the  multi-line  output  from  the  Argon  laser  provided  better  penetration  into 
the  water,  than  the  6n4nm  output  of  the  Ruby  laser.  The  lilm  used  in  this  case  was  Ilford 
11I’5  ,  nominally  400  asa,  and  bettor  suited  to  wavelengths  in  the  groen/blue  region  of  the 
spectrum.  fhe  exposure  time  was  1ms  with  the  time  between  exposures  being  0.02ms. 

Figure  5  shows  a  typical  imago  taken  under  a  small  amplitude  water  wave.  Since  a  fU 
laser  was  used  the  number  of  particle  images  recorded  was  dependent  on  the  time  the  camera 
shutter  was  open.  In  this  case  five  images  were  recorded.  The  seeding  was  provided  by 
aluminium  particles  with  mean  diameter  20  microns.  A  comparison  between  particle  velocities 
derived  by  the  FIX'  method  with  those  calculated  using  linear  wave  theory  was  found  to  be 
excel  1 ent . 


Analysis 


Two  methods  have  b  on  found  most  useful  in  extracting  the  particle  displacement 
measurements  from  the  exposed  and  developed  negative. 

The  first,  most  commonly  used  technique  rcciuires  that  a  low-  powered  He-Ne  laser  beam  be 
passed  through  the  negative  at  each  successive  point  at  which  velocity  information  is 
reciuircd.  If  correlated  particle  images  arc  present  at  th.-it  spot  an  interference  pattern 
consisting  of  parallel  fringes  appears,  embedded  in  a  diffraction  halo.  The  halo  is 
produced  by  th^  indi'.iJual  -  ’ccular  particle  images.  If  the  fiinges  are  vieived  in  the 
Fourier  Transform  plane  the  displacement  di,  of  the  iiarticlcs  at  the  image  plane  is  derived 
f  rom 
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Afl/L 


di 


:2) 


where  A  is  the  wave  length  of  the  interrogating  beam 
fl  is  the  focal  length  of  the  transform  lens 
L  is  the  perpendicular  distance  between  the  fringes. 

The  direction  of  particle  movement  is  perpendicular  to  a  line  running  along  the  fringes. 
Thus  the  magnitude  of  velocity  at  that  point  in  the  flow  is,  combining  (])  and  12), 

I  { V  I  I  =  A*  f 1 /mLT  ( 5  J 

The  fringe  pattern  was  recorded  using  a  video  camera.  The  resulting  output  was  digitised 
and  stored  in  a  framestorc,  with  a  typical  resolution  of  256  x  256  pixels  x  8  bits,  and  then 
transferred  to  a  computer,  figure  6.  Several  techniques  exist  to  measure  the  fringe  spacing 
ranging  from  simple  fringe  compression  and  one-dimensional  Fourier  Transform  to  full  two- 
dimensional  analysis  of  the  image.  The  particular  method  used  depends  on  the  processing 
power  available,  the  number  of  points  which  need  to  be  analysed  and  the  quality  of  the 
fringe  pattern  recorded. 

Fringes  produced  from  the  original  negatives  ivcrc  in  general  of  poor  quality.  However  a 
marked  improvement  was  obtained  by  contact  printing  the  original  negative  on  to  higlicr 
contrast  film  (Pickering  and  Hal  1 iwcl 1“* ) .  Increasing  the  number  of  times  each  particle  was 
imaged  also  improved  the  fringe  sharpness,  in  the  same  manner  as  a  grating  produces  sharper 
fringes  than  a  line  pair.  Figure  7. 

Even  with  these  enhancements  the  fringes  still  suffered  from  speckle  noise.  More 
importantly  the  appearance  of  the  fringes  was  altered  by  those  effects  which  combined  to 
decorrclate  the  particle  displacements  and,  hence,  decrease  the  fringe  I’isibil  it>-.  I'hcsc 
included  out  of  plane  motion,  leading  to  a  loss/gain  of  particles  between  exposures  and 
turbulence,  leading  to  a  variation  in  the  particle  displacements  in  the  area  probed  by  the 
interrogating  laser. 

When  the  seeding  density  was  low,  only  two  to  three  particle  pairs  in  the  spot  covered  b>- 
the  laser  probe  beam,  accidental  correlations  between  unrelated  particle  images  could  occur, 
see  Figure  8,  giving  spurious  fringes.  For  this  reason  fringe  analysis  was  useful  only  when 
higher  seeding  densities  could  be  obtained. 

The  second  method  utilised  direct  microscopic  analysis  of  the  negative  containing  the 
imaged  flow  to  determine  the  seed  displacements.  This  method  was  superior  in  the  lower 
seeding  density  case.  The  dynamic  velocity  range  of  this  system  could  be  varied  at  analysis 
time  by  changing  the  power  of  the  objective  lens  attached  to  the  video  camera,  unlike  the 
fringe  method  which  fixed  the  dynamic  range  at  the  time  of  the  experiment.  Figure  9  shows  a 
typical  image  of  a  small  region  of  flow,  for  a  low  seeding  density  case.  Direct  microscopic 
analysis  is  currently  under  development  and  will  be  described  elsewhere. 


Summary 


The  technique  of  Pulsed  Laser  Vclocimetry  and  its  application  to  the  investigation  of 
large  scale  fluid  motion  has  been  described.  The  different  laser  requirements  for 
aerodynamic  and  hydrodynamic  studies  led  to  the  use  of  pulsed  and  continuous  wave  lasers. 

In  particular  aerodynamic  studios,  having  mean  flow  velocities  above  Ims,  required  a  pulsed 
laser  source  to  freeoe  the  seed  particle  images  whereas,  for  example,  wave  studies  were 
possible  using  a  continuous  wave  laser.  The  characteristics  of  the  flow  material  must  he 
considered  in  choosing  a  laser  wavelength  which  has  the  best  propagation  characteristics 
through  the  flow. 

Two  analysis  methods  combined  to  allow  measurements  in  regions  of  flow  which  have 
disparate  seeding  densities.  The  first,  fringe  analysis,  was  found  to  work  when  the  seeding 
density  was  high  but  to  produce  ambiguous  results  when  only  a  few  particle  pairs  were  found 
in  the  probe  area  of  the  laser.  The  second,  microscopic  analysis,  worked  very  well  at  low 
and  medium  seeding  densities. 
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Abstract 

A  Laser  Doppler  Microscope  Is  developed,  capable  of  acquiring  data  in  both  the  time  and  frequency  domains.  The 
freshwater  algae  Chara  globularis  is  the  specimen  under  study.  Exposure  of  this  cell  to  extracellular  NaCI  or  EDTA  elicits 
oscillatory  action  potentials  that  presumably  causes  the  oscillation  of  the  intracellular  streaming.  Data  is  gathered  at  different 
concentrations  of  each  drug.  Cytochalasin  B  effects  are  also  monitored.  The  usefulness  of  using  this  approach  to  quantify 
intracellular  velocity  profiles  In  real  time  is  apparent. 


I.  Introduction 

The  Doppler  effect  has  many  Instrumentation  applications  in  the  fields  of  science  and  engineering.  Since  the  advent  of 
lasers,  the  measurement  of  optical  Doppler  shift  to  determine  velocities  has  touched  many  technologies  ’  2.  Engineers  found 
immediate  application  for  this  technique  in  measuring  the  fluid  velocity  in  turbomachinery,  flames,  jet  streams  and  other 
propulsion  media.^  <  Vibration  studies  are  also  complimented  by  this  technology.  Chemists  and  physicists  have  applied  it  to 
study  particle  interactions  in  suspensions  and  emulsions.^ «  Health  science  professionals  have  used  Doppler  techniques  to 
measure  blood  flow,  «  diffusion  constants,  ^  and  cell  motility.  « 

The  advantages  of  using  this  technology  .'or  velocity  measurements  are  numerous.  The  instrumentation  can  measure  flows 
ranging  from  less  than  10  pjn/sec  up  to  Mach  8.  Indeed,  astronomers  measure  the  expansion  of  the  universe  through  the 
optical  Doppler  shift  of  stars  in  units  of  percent  of  the  speed  of  light.  Because  this  method  is  also  non-contact,  parameters 
can  be  measured  accurately  that  would  otherwise  be  impossible,  even  with  the  smallest  {or  strongest)  of  probes.  Repetitive 
measurements  can  easily  be  made  in  real  time,  rendering  the  dynamic  properties  of  the  medium  in  question  available  for 
analysis.  By  carefully  controlling  the  geometry  of  the  optical  setup,  not  only  can  the  mean  velocity  be  measured  but  the 
resulting  velocity  distribution  gives  insight  to  the  “turbulence”  of  the  flow. 

Particle  size  measurement  is  also  possible,  although  extremely  difficult  to  model  in  a  biological  system.  Biological 
velocimetry,  specifically  cytoplasmic  streaming,  will  be  the  thrust  of  this  paper.  The  specimen  under  study  is  the  freshwater 
algae  Chara  globularis.  To  view  the  internal  cytoplasmic  streaming  of  this  cell,  a  microscope  was  outfitted  with  the  necessary 
optics  and  instrumentation  to  carry  on  laser  Doppler  velocimetry.  Microcinematography  studies  have  tracked  velocities  of 
C‘''ara’s  streaming,  but  these  observations  are  limited  to  visible  particles  whose  velocity  is  examined  over  a  known  distance. 
Tr.e  volume  of  scattered  light  created  by  the  laser  Doppler  microscope  can  be  accurately  controlled  and  located  for  a  fast, 
precise  velocity  measurement  of  submicroscopic  particles.  Besides  the  frequency  domain,  data  will  also  be  gathered  In  the 
time  domain.  The  resultant  autocorrelation  curves  also  give  insight  into  the  velocity  distribution. 


Correlation  is  a  comparison  process  applied  to  periodic  electrical  signals.  By  using  correlation  techniques  an  engineer  can 

•  Detect  a  desired  signal  in  the  presence  of  noise  or  other  signals 

•  Recognize  specific  patterns  within  analog  or  digital  signals 

•  Measure  time  delays  through  various  media  including  the  human  body.  RF  paths,  electronic  circuits  and  chemical 
substrates. 


The  correlation  between  two  functions  is  a  measure  of  their  similarity, 
between  two  functions  a(t)  and  b(t). 


+T 


This  expressed  mathematically  as  the  correlation 


Cgb  (  t)  =  'im  1/{2T)/  a(t)  b  (t  t'^)  dt 
T-«p  -T 


(1) 


Where  Cab  =  the  correlation  function  between  two  signals  a(t)  and  b(t)  and  t  =  the  relative  displacement  between  a(t)  and 
b(t).  The  signals  can  be  a  function  of  essentially  any  variable  -  -  wavelength,  frequency,  time,  etc.  Thus  if  a(t)  and  b(t)  are 
considered  to  be  functions  of  time,  the  correlation  function  Cab  will  be  related  to  and  plotted  against  the  relative  time  delay 
between  the  two  signals. 

For  this  application,  the  signals  involved  will  be  digitized.  Here,  the  calculation  of  the  correlation  function  is  expressed  as 


C  u  (n  A  t)  =  2  a  (t)  b  (tj;  n  A  t)  n  =  0,  1,  2,  .  .  . 
t 

These  signals  can  only  be  displaced  by  some  Integral  nun.ber  of  the  sampling  interval,  At.  Thus,  the 
equivalent  to  t  in  the  previous  equation. 

The  hardware  used  to  gather  these  data  employs  a  specific  correlation  scheme  called  autocorrelation, 
function  assumes  that  a  (t)  and  b  (t)  are  identical. 


(2) 

displacement  nAt  is 
The  autocorrelation 
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Intracellular  pailicles  undergoing  Brownian  motion  and/or  streaming  give  rise  to  a  whole  spectrum  of  Doppler  shifted 
frequencies.  These  shifted  frequencies  beat  either  with  each  other  or  with  the  carrier  so  as  to  produce  a  fluctuating  photocur¬ 
rent.  the  frequency  composition  of  which  corresponds  to  the  beat  frequencies  in  their  various  proportions.  The  non-periodic 
bunching  of  signals  seen  in  Chara's  intracellular  flow  are  fitted  to  single  exponential  decaying  autocorrelation  functions  by  the 
digital  autocorrelator. 

Laser  Doppler  velocimeters  use  the  Doppler  shift  of  light  scattered  by  moving  particles  to  determine  particle  velocity  and 
thus  find  the  fluid  flow  velocity.  The  general  equation  expressing  the  Doppler  shift  (id )  in  the  frequency  of  the  scattered  light 
as  a  function  of  the  particle  velo'-'^y  (v)  is 

‘d  =  fs  ''  (®s-V  (3) 

where  fs  =  frequency  of  scattered  light 

^  =  frequency  of  incident  light 
eg  and  -  unit  vectors  of  scattered  and  incident  light 
and^.  =  frequency  of  incident  light 

The  use  of  a  monochromatic  coherent  light  source  such  as  a  laser  makes  it  possible  to  determine  the  values  of  fi  and  X;  ei 
and  es  depend  on  the  geometry  of  the  system.  The  velocity  component  vx  (see  below)  measured  by  the  Laser  Doppler 
velocimeter  will  be  in  the  plane  formed  byei  and  esand  perpendicular  to  the  line  bisecting  the  angle  formed  by  the  two  unit 
vectors.  In  this  particular  setup, 

a=  SO®,  0  =  400,  and  X  =  6.328  x  10'^mm 


The  cell  I  have  chosen  to  study  is  the  fresh  water  algae  Chara  g/obu/ar/s.  The  largest  internodal  cells  are  approximately  20 
mm  long  and  1  mm  in  diameter.  The  cytoplasm  flows  back  and  forth  the  length  of  these  cells  in  two  channels  that  are  wound 
in  a  helical  pattern  at  approximately  15°  to  the  cell's  longitudinal  axis.  The  two  opposing  channels  are  separated  by  narrow 
regions,  called  indifferent  zones,  in  which  no  streaming  occurs.  The  cytoplasm  is  contained  in  a  narrow  cylindrical  annulus 
surrounding  the  large,  central  vacuole.  The  outer  cortex  of  the  cell  contains  an  array  of  chloroplasts  except  in  the  indifferent 
zones.  The  streaming  cytoplasm  lies  between  the  stationa^  cortex  and  the  Tonoplast  membrane  which  lies  between  the 
vacuole  and  the  cytoplasm.  Bundles  of  microfilamenls  containing  actin  lie  in  the  cytoplasm  and  are  attached  to  the  innermost 
layer  of  the  cortex.  These  actin  filaments  have  been  shown  to  support  the  movement  of  myosin  coated  spheres  in  vitro. 
See  the  diagram  below. 

INDIFFERENT  ZONE 
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II.  Methods 


Two  experimental  setups  were  constructed.  The  first  was  used  to  collect  data  in  the  time  domain  (Photon  Correlation 
Spectroscopy).  The  second  presents  data  in  the  frequency  domain  (Laser  Doppler  Velocimetry) . 


Photon  Correlation  Spectroscopy  Experimental  Setup 


FIGURE  1. 


Photon  Correlation  Spectroscopy  Experimental  Setup. 


Calibration  of  the  instrument  setup  was  confirmed  by  filling  the  cuvette  with  a  solution  of  0.525  pm  diameter,  polystyrene, 
monodispersed  latex  spheres.  The  resulting  normalized  intensity  autocorrelation  function  yielded  a  monotonically  decaying 
exponential  curve  consistent  with  that  expected  for  Brownian  motion. '3 


OHARA'S  STREAMING 
VELOCITY  IS  PERPENDICULAR 
TO  INCIDENT  AND  SCATTERED 


FIGURE  2  Geometry  of  Photon  correlation  apparatus. 

After  a  Chara  cell  was  cut.  it  was  allowed  to  stabilize  in  a  cuvette  filled  with  APW  for  approximately  20  minutes.  Then  the 
cuvette  was  drained  and  refilled  with  various  concentrations  of  NaCI  or  EDTA  in  APW.  All  solutions  used  were  filtered  through 
a  0.22  pm  filter.  After  a  new  concentration  was  added  the  cell’s  streaming  was  observed  using  white  light  illumination.  When 
the  cell  began  to  pulse  (i.e.  stream  and  stop  streaming  cyclically)  the  time  pattern  was  recorded.  Data  was  gathered  for  both 
streaming  and  not-streaming  at  each  concentration.  Normalized  intensity  autocorrelation  functions  were  output  from  the 
digital  autocorrelator  at  100  and  2000  psec  time  delays. 
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Laser  Doppler  Velocimeter  Experimental  Setup 


A  25  mW  HeNe  neon  laser,  microscope  objective,  and  spatial  filter  were  again  used  as  the  light  source.  The  filtered  beam 
was  then  attenuated  to  0.030  mW  by  a  neutral  density  filter  and  enlarged  to  an  8  mm  diameter  by  a  collimating  lens.  A 
focusing  lens  then  directed  the  beam  into  the  cell  through  the  beam  steering  mirror.  The  resulting  328  pm  diameter  Airy  disk 
can  easily  be  oriented  into  position  within  the  streaming  cytoplasm.  A  trimmed  internodal  cell  is  placed  into  a  microscope 
slide  holding  chamber  with  a  removable  coverslip  cover  whose  fluid  contents  can  easily  be  changed.  The  chamber  is  held 
horizontally  on  the  stage  of  a  microscope  such  that  the  incoming  laser  beam  is  at  50®  to  the  cell's  axis.  The  cell's  axis  in  this 
setup  lies  in  the  same  plane  that  is  formed  by  the  incoming  beam  and  the  receiving  optics  (see  Figure  4  for  geometry).  The 
light  collection  optics  consist  of  a  1 0x  microscope  objective  and  a  1.5  mm  diameter  aperture  in  the  focal  plane  of  a  photomul¬ 
tiplier  tube.  The  resulting  scattering  volume  is  150  pm.  For  observation  of  the  streaming  and  laser  alignment  a  prism  is 
inserted  before  the  PMT  and  all  light  is  diverted  to  a  viewing  eyepiece.  A  white  light  illumination  system  is  available  for 
streaming  observation.  Again,  a  variable  high  voltage  supply  powers  the  PMT.  The  PMT's  output  is  amplified  and  fed  into  a 
dynamic  signal  analyzer  for  processing.  Again,  all  instrumentation  is  mounted  on  a  vibration  isolation  table. 


FIGURE  4.  Geometry  of  Laser  Doppler  velocimeter. 
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Calibration  of  the  instrument  setup  was  accomplished  by  pumping  a  solution  of  polystyrene  monodispersed  latex  micro¬ 
spheres  through  a  flattened  glass  microtube  (with  a  0.3  mm  wall  separation)  at  a  known  rate  (see  Figures  5,  6,  7  and  8).  The 
microscope  objective  was  focused  approximately  in  the  cross-section  center  of  the  tube's  flow.  The  resulting  profile  is 
representative  of  a  parabolic  flowi4  with  a  peak  maximum  at  the  Doppler  shifted  frequency  correlating  with  the  flow  velocity 
observed  visually  through  the  microscope.  Another  series  of  calibrations  was  done  at  199  /xm/sec  peak  maximum  observed 
flow  velocity  (corresponding  to  a  Doppler  shifted  frequency  of  138  Hz).  Both  the  85  pm/sec  and  199  nm/sec  observed  flow 
velocities  agreed  with  the  calculated  velocities  within  1  %.  This  error  is  attributed  to  a  limited  ability  to  accurately  track  and 
time  particles  in  the  flow  during  an  observation. 

Trimmed  Chara  cells  were  allowed  to  stabilize  in  APW  for  approximately  20  min.  The  chamber’s  fluid  contents  could  then 
be  perfused  with  a  new  volume  of  NaCI,  EDTA,  or  Cytochalasin  B  in  APW  (pH  7.3).  Real  time  data  was  gathered,  averaged 
and  mapped  over  time  durations  that  included  at  least  one  stop-start  cycle,  depending  on  the  frequency  of  pulsing.  Linear 
scaling,  rms  averaging,  and  Hann  weighting  were  used  as  measurement  parameters  over  a  100  Hz  frequency  range  in  the 
spectrum  analyzer.  The  offset  mapping  capability  of  the  spectrum  analyzer  allows  a  graphic  representation  of  the  increase 
and/or  decrease  in  the  Doppler  shifted  spectrum. 
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FIGURE  5.  Calibration  spectrum  for  polystyrene 
spheres  0.166  p.m  diameter:  59  Hz  peak  corresponds 
to  85  p.m/sec  observed  peak  maximum  flow  velocity. 
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FIGURE  7.  Calibration  spectrum  of  0.97  |im  diameter 
polystyrene  spheres.  59  Hz  peak  corresponds  to  85  ^m 
/see  observed  peak  maximum  flow  velocity. 
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FIGURE  6,  Calibration  spectrum  for  poly- 
strene  sphere  0.525  pm/sec;  59  Hz  peak 
corresponds  to  85  ^m/sec  observed  peak 
maximum  flow  velocity. 
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FIGURE  8.  Spectrum  of  calibration  setup  with 
polystyrene  microspheres  at  zero  flow  veloc¬ 
ity. 


Ill,  Results 

Photon  Correlation  Spectroscopy 

Normalized  intensity  autocorrelation  functions  were  recorded  from  the  Chara  cells  using  the  previously  mentioned  experi¬ 
mental  setup.  In  all,  ten  sets  of  data  were  gathered  from  ten  different  cells  exposed  to  NaCI  or  EDTA  solutions  at  both  100 
fisec  and  2000  psec  delay  times  (see  Figure  9).  Monotonically  decaying  autocorrelation  functions  resulted  in  all  cases.  The 
time  lapse  between  the  cessation  of  streaming  ranged  from  2  min  up  to  15  min  depending  on  the  chemical  concentration 
and/or  the  individual  properties  of  each  cell. 
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■  I  Fitted  streaming  curve 
X  Individual  channel  level  for  cell  for  not-streaming 
— “  — —  Fitted  not-streamIng  curve 


FIGURE  9.  Normalized  autocorrelation  functions  of  Chera  in  50  mM  NaCI  in  APW  using  100  iisec  delay  time. 


The  normalized  autocorrelation  functions  always  yielded  the  same  results.  Data  collected  during  times  of  streaming  indi¬ 
cated  a  faster  decay  rate  than  not-streaming  regardless  of  the  delay  time,  drug  used  (or  its  concentration),  and  individual  cell 
variability 

Laser  Doppler  Velocimetrv 

Frequency  spectra  were  recorded  from  streaming  Chara  cells  using  the  setup  described  in  "methods.”  Trimmed,  stream¬ 
ing  cells  were  first  allowed  to  stabilize  in  their  holding  chamber  (Figure  10).  The  chamber  could  then  be  perfused  with 
increasing  concentrations  of  NaCI  or  EDTA.  Data  was  recorded  and/or  mapped  during  periods  of  streaming  and  not  streaming 
(Figures  11,  12,  13). 
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FIGURE  10.  Heterodyne  spectrum  of  Chara  streaming 
In  APW.  Center  of  doppler  shifted  peak  (52.5  Hz)  cor¬ 
responds  to  76  pm/sec  peak  maximum  streaming  vel¬ 
ocity  agreeing  with  observed  velocity. 
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Figure  11.  Spectrum  of  Chara  streaming  in  50 
mM  NaCI.  In  APW.  71  Hz  corresponds  to  ob¬ 
served  102  pm/sec  peak  maximum  streaming 
velocity. 
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FIGURE  12.  Spectrum  of  Chara  with  streaming  cyclically 
stopped  In  50  mM  NaCI  In  APW.  60  Hz  carrier  Is  pre¬ 
dominant. 


FIGURE  13.  Spectral  map  taken  at  30  second 
intervals  of  Chara  streaming,  stopping  and 
starting  again  In  SO  mM  NaCI  in  APW.  pH  7.3 
at  room  temperature.  60  Hz  carrier  Is  pre¬ 
dominant  at  lower  velocities. 


Concentrations  were  increased  until  the  cell  died  and  streaming  therefore  stopped  (Figure  14),  A  60  Hz  carrier  was 
predominant  at  weak  signal  levels  or  whenever  the  Doppler  shifted  spectrum  moved  to  low  frequencies. 
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FIGURE  14,  Specturm  is  taken  from  dead  cells  In  75  mM  NaCI  in  APW. 
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During  each  concentration  run,  the  center  of  the  Doppler  shifted  peak  in  the  heterodyne  spectrum  that  corresponds  to  the 
maximum  streaming  velocity  was  recorded.  Comparison  of  the  velocity  observed  through  the  microscope  showed  correlation 
within  1%.  Minimum  velocities  at  each  concentration  were  also  recorded  Minimum  velocities  were  0  if  the  cell  was  pulsing, 
these  results  are  summarized  in  Table  1  and  2  below. 

TABLE  1 
NaCI  in  APW 

Concentraf’c"  Maximum  Average  Velocity  Minimum  Average  Velocity 
_ (fcells)  _ (#cells) _ 


5  mM 

76.5  n  m/sec  (3) 

0  (im/sec  (2) 

7.5  mM 

82.5  M-  m/sec  (5) 

0  (1  m/sec  (2) 

10  mM 

86.1  m/sec  (5) 

0  (im/sec  (4) 

25  mM 

84.0(1  m/sec  (5) 

0)im/sec  (5) 

50  mM 

8 7. 7(1  "'/sec  (5) 

0(im/sec  (4) 

75  mM 

DEAD 

DEAD 

TABLE  2 
EDTA  in  APW 


Concentration  Maximum  Average  Velocity  Minimum  Average  Velocity 

_ (#cells) _ (#cells) _ 


0.025  mM 

88.1  (1  m/sec  (5) 

0  (1  m/sec  (2) 

0.050  mM 

88.1  (1  m/sec  (5) 

0  (1  m/sec  (4) 

0.100  mM 

89.8  (im/sec  (5) 

0  (1  m/sec  (4) 

0.25  mM 

88.9  (im/sec  (4) 

0(1  m/sec  (4) 

0.50  mM 

68.4  ^ m/sec  (2) 

0(im/sec  (2) 

1.0  mM 

DEAD 

DEAD 
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FIGURE  15.  Spectrum  taken  from  Chara  stabilized 
In  APW  prior  to  addition  of  Cytochalasin  B.  62  Hz 
frequency  corresponds  to  observed  peak  maximum 
streaming  velocity  of  89  p.m/$ec. 


FIGURE  16.  Spectral  map  at  4  minute  Inter¬ 
vals  after  the  addition  of  Cytochalasin  B. 
Gradual  shift  of  doppler  peak  to  a  lower  fre¬ 
quency  correlates  with  slowing  of  streaming 
velocity. 
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FIGURE  17.  Spectrum  taken  4  minutes  after  addition 
of  Cytochalasin  B.  56  Hz  doppler  shifted  peak  corres¬ 
ponds  to  observed  peak  maximum  streaming  velocity 
of  81  p.m/sec. 


FIGURE  18.  Spectrum  taken  40  minutes  after 
addition  of  Cytochalasin  B.  42  Hz  doppler 
shifted  peak  corresponds  to  observed  peak 
maximum  streaming  velocity  of  60  ^m/sec. 
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FIGURE  19.  Spectrum  taken  88  minutes  after  the  addition  of  Cytochalsln  B.  30  Hz  doppler  shifted  peak 
corresponds  to  observed  peak  maximum  streaming  velocity  of  43  >im/sec. 


Cytochalasin  B  at  a  concentration  of  10  ^.g/ml  in  APW  containing  1%  dimethyl  sulfoxide  was  also  perfused  into  the  chamber. 
During  a  several  hour  period  both  the  observed  streaming  rate  and  the  Doppler  shifted  spectra  were  seen  to  gradually 
decrease  (Rgures  15  and  16).  Three  representatives  of  the  map  shown  in  Figure  16  are  presented  separately  at  full  scale  for 
clarity  (Figures  17,  18,  and  19). 

IV.  Discussion 


The  two  previously  described  instrumentation  schemes  were  devised  to  allow  fast,  accurate  measurements  of  "spectral 
changes"  in  cells  under  various  physiological/environmental  conditions.  Building  the  instrumentation  around  a  microscope 
frame  allows  for  easy  manipulation  of  the  specimen  and  for  comfortable  viewing  using  standard  microscope  optics  and 
illumination  system.  For  the  cell  structure  and  streaming  pattern  that  Chara  exhibits,  this  is  a  distinct  advantage  because  the 
direction  of  the  streaming  cytoplasm  can  be  positioned  precisely  with  respect  to  the  incident  light  without  being  concerned 
with  the  angle  between  the  streaming  and  the  cell's  longitudinal  axis  or  the  effects  produced  near  the  indifferent  zones. 
Another  advantage  of  this  non-invasive  technique  is  that  the  intensity  of  the  incident  laser  light  is  low  enough  to  avoid  Ohara's 
photoresponse.*3 

Data  gathered  using  light  scattering  instrumentation  such  as  this  help  to  characterize  Ohara's  cytoplasmic  streaming. 
Photon  correlation  spectroscopy  results  coiisistently  show  a  difference  in  decay  rate  between  the  cell’s  cyclic  streaming  and 
not-streaming  induced  by  NaCI  and  EDTA.  Since  the  streaming  velocity  was  oriented  perpendicular  to  the  direction  of  the 
incident  light  and  the  scattered  light,  these  data  represent  small  lateral  motions  of  the  scattering  particles.  Shape  changes  in 
the  autocorrelation  functions  noted  during  streaming  are  consistent  with  a  bulk  flow  of  cytoplasm.  When  streaming  stops,  all 
subcellular  scatterers  apparently  stop  together.  Brownian  motion  is  probably  the  sole  contributor  to  intraceliular  motion  when 
the  cell  is  not-streaming.  Other  researchers, '•  have  worked  with  similar  cells  in  the  time  domain,  stopping  the  intraceilular 
streaming  using  electrical  stimulation.  Variations  in  the  scattering  angle  and  the  axis  of  the  streaming  have  been  explored 
with  results  consistent  with  those  presented  here. 

Laser  Doppler  Velocimetry  data  also  helps  characterize  Ohara's  intracellular  flow  by  allowing  the  mean  veiocity  to  be 
quantified.  Velocity  measurements  obtained  from  fresh  cells  stabilized  in  APW  agree  with  velocities  recorded  by  other  re¬ 
searchers,’®  ’» 20  21 22  from  similar  cells  under  similar  conditions  using  laser  Doppler  technique  and  photomicroscopy.  These 
cited  velocities  on  resting  cells  range  from  40  jun/sec  to  100  >im/sec.  The  ability  to  create  a  spectral  map  collected  at  known 
intervals  allows  a  graphic  representation  ot  a  cell's  response  to  a  drug  or  environmental  change  over  a  specified  timecourse. 
Mustacich  and  Ware.’o  ’» have  studied  the  temperature  dependence  of  streaming  in  Nitella  and  have  found  that  the  stream¬ 
ing  velocity  varies  linearly  with  temperature  from  up  to  34oC,  above  which  the  ceil  irreversibly  stops  streaming.  They  have 
also  demonstrated  that  the  low  frequency  portion  of  the  spectrum  is  the  result  of  amplitude  modulation  of  the  scattered  iight  by 
the  array  of  chloroplasts  in  the  cell.  Their  experiments  with  Nitella  and  low  levels  (1  pg/ml)  of  Cytochalasin  B  indicate  that 
the  gradual  slowing  of  the  cytoplasmic  streaming  is  microfilament  related.  These  results  are  consistent  with  those  presented 
in  this  paper. 


The  ultimate  goal  of  any  research  of  this  type  on  intracellular  streaming  is  to  gain  information  that  helps  to  explain  the 
molecular  mechanism  for  the  generation  of  the  motive  force.  The  elicitation  of  spontaneous  action  potentials  in  Nitella  was 
demonstrated  by  Kishimoto^®  using  various  concentrations  ot  NaCI.  LiCI,  EDTA.  and  ATP.  The  cause  of  the  spontaneous 
firing  is  theorized  to  be  the  removal  of  Ca++  from  the  outer  surface  of  the  Nitella  membrane*^. 

The  role  of  Ca++  in  the  cytoplasmic  streaming  of  Ohara  is  not  yet  understood.  In  skeletal  muscle  the  Ca++  dependence  of 
contraction  results  from  a  conformational  change  of  the  troponin-tropomyosin  complex  bound  to  the  cell's  actin  cables. 
However,  In  these  algal  cells  there  is  no  known  troponin-tropomyosin  complex  bound  to  the  cell’s  actin  cables.  Recent  work 
by  Vale.  Szent-Gyorgyi,  and  Sheetz^  has  found  that  the  movement  of  skeletal  myosin  coated  beads  on  Niteila  actin  is  Ca++ 
independent  in  concentrations  betweenlO-*  and  10“^  M.  However,  if  rabbit  skeletal  muscle  troponin-tropomyosin  is  added, 
then  the  movement  of  skeletal  myosin  coated  beads  is  Ca++  dependent.  The  concentration  of  Ca++  required  for  half 
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maximal  activation  of  bead  movement  in  the  presence  of  troponin-tropomyosin  is  10  pM  which  compares  favorably  with  the 
concentration  required  to  half  maximally  activate  ATP  base  by  troponin-tropomyosin  coated  actin.  They  have  therefore 
demonstrated  the  reconstitution  of  Ca++  dependent  motility  with  an  actin-based  regulation  system.  Because  the  troponin- 
tropomyosin  requires  extensive  controls  with  the  actin  filaments,  these  results  suggest  that  Nitella  actin  is  free  to  bind  added 
proteins.  Similar  work  by  Shimmen  and  Yano.^e  using  skeletal  muscle  tropomyosin  confirms  that  Chara  cells  have  their  own 
Ca++  control  system.  The  presence  of  Calmodulin  has  been  confirmed  in  Chara, although  it  assumed  not  to  be  involved  in 
the  Ca++  induced  cessation  of  streaming.  The  Ca++  sensitizing  component  is  assumed  to  be  present  within  the  streaming 
cytoplasm.  Actin  oundies  are  thought  not  to  be  the  site  giving  Ca++  sensitivity  to  streaming.  The  possibility  of  the  assembly 
of  actin  filaments  being  the  source  of  cytoplasmic  motility  is  also  being  investigatecP®. 

The  coupling  of  the  action  potential  with  the  oscillation  of  streaming  is  confirmed  by  Barry, 29  ^  who  elicits  a  transient  action 
potential  through  electrical  stimulus.  Barry  varies  the  Ca++  level  of  his  APW  between  0  to  0.5  mM  in  order  to  modify  the 
shape  of  the  action  potential.  He  experiences  a  time  lag  between  the  onset  of  the  action  potential  and  pressure/volume 
changes  when  the  cell  is  only  partially  stimulated  electrically.  This  time  lag  is  of  particular  interest  because  Kishimoto’s22. 
published  action  potential  frequencies  are  an  order  of  magnitude  faster  than  my  streaming  periodicity.  Barry  concludes  that 
the  changes  he  measures  in  pressure  and  volume  are  the  incidental  consequences  of  a  change  in  membrane  permeability 
and  do  not  necessarily  imply  an  electro-kinetic  mechanism  for  the  action  potential  itself. 

Other  researchers,^'  “  theorize  that  the  mechanism  for  the  action  potential  is  generated  by  ion  pumping  instead  of  ion 
gradients.  If  the  action  potential  is  driven  by  this  metabolic  pump,  then  it  is  also  possible  that  the  streaming  is  supported  by 
this  or  another  metabolic  process. 

Both  my  results  and  other  unpublished  results  taken  in  our  lab  indicate  that  both  high  (1.0  mM)  and  low  (0.0001  mM) 
concentrations  of  extracellular  Ca++  will  cause  Chara  to  pulse,  with  no  pulsing  seen  at  intermediate  concentrations.  The 
ca'culatedM  levels  of  active  Ca++  in  my  APW  /EDTA  solutions  are 

•  For  0.025  mM  EDTA.  3.9  x  10  ‘  M  Ca'-+ 

•  For  0.05  mM  EDTA.  1.9  x  10-'“  M  Ca++ 

•  For  0.10  mM  EDTA.  9.8  x  lO"’  M  Ca++ 

•  For  0.25  mM  EDTA.  3.9  x  10'"  M  Ca++ 

•  For  0.50  mM  EDTA.  1.9  x  lO’"  M  Ca++ 

•  For  1.00  mM  EDTA,  9.7  x  10-'^M  Ca++ 


At  an  EDTA  level  of  0.025mM  .  it  takes  an  order  of  magnitude  increase  in  total  Ca++  concentration  (from  .ImM  to  I.OmM) 
to  increase  the  active  Ca++  concentration  by  an  order  of  magnitude  (from  3.9  x  10-’“M  to  3.9  x  10-®  M).  This  pattern  of 
reacting  only  to  "extreme"  levels  of  Ca++  fits  nicely  into  the  scheme  of  a  pump  mechanism. 

How  does  NaCI  effect  the  action  potential  and  streaming?  Some  researcher^,  suggest  that  there  is  a  Sodium-Calcium 
exchange  (sometimes  referred  to  as  Sodium-Calcium  antagonism). 

The  instrumentation  development  discussed  here  resulted  in  a  method  to  quantitatively  measure  intracellular  flow.  The  actual 
relationship  between  the  oscillatory  action  potential  and  intracellular  streaming  is  still  not  understood.  How  they  are  coupled 
together-directly,  indirectly,  or  through  a  time  lag-would  be  interesting  to  study.  The  logical  extension  to  this  research  is  to 
build  a  chamber  in  which  a  cell  could  have  monitored  its  intracellular  streaming  measured  via  light  scattering  and  its  action 
potential  simultaneously.  Varying  environmental  conditions  and  using  various  drugs  and  chemicals  to  couple  and  uncouple 
these  two  events  could  provide  information  that  would  help  to  explain  the  molecular  and  physiological  mechanisms  of  this 
phenomena. 
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THE  INTERNAL  FRACTAL  STRUCTURE  OF  AGGREGATES  OF  SILVER  PARTICLES  AND  ITS 

CONSEQUENCES  ON  SERS  INTENSITIES 

0.  Siiman  and  H.  Feilchenfeld 
Denartment  of  Chemistry 
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Potsdam,  New  York  13676 

Abstract 


The  kinetics  of  aggregation  of  colloidal  silver  particles  as  measured  by  surface- 
enhanced  Raman  scattering  and  TEM  images  of  the  aggregates  were  analyzed  in  terms  of  a 
fractal  rate  law  and  fractal  structures.  Transmission  micrograph  images  of  colloidal 
silver  particles  that  had  been  induced  to  aggregate  by  oxoanions,  CrO^^'~ ,  WO42-,  and  PO43” 
were  obtained.  Polymeric  ions  were  also  used  to  produce  aggregates  of  varying  size,  in 
which  the  oxoanions  function  as  bridging  ligands  between  silver  particle  surfaces.  For  a 
series  of  photos  with  isopolytungstate  on  silver,  the  spatial  dependence  of  the  mass  of 
silver  particles  in  a  large,  low  density  aggregate  was  analyzed  as  a  fractal  object.  A 
comparatively  low  fractal  dimension,  D  =  1.51,  was  derived.  Chains  of  silver  particles  on 
the  perimeter  of  some  aggregates  were  also  analyzed  in  terms  of  a  fractal  scaling  and  gave 
D  =  1.35.  Surface-enhanced  Raman  (SER)  spectra  of  chromate  and  phosphate  on  colloidal 
silver  were  used  to  identify  two  types  of  adsorption  sites:  (1)  oxoanions  adsorbed  in  a 
double-sided  mode  of  coordination,  bridging  pairs  of  silver  particles;  (2)  oxoanions 
adsorbed  in  a  single-sided  mode  on  one  silver  particle  surface.  Data  on  the  kinetics  of 
aggregation  of  colloidal  silver  particles  as  induced  by  NaHP04  showed  linear,  logarithmic 
plots  of  SERS  band  intensity  against  time  and  gave  different  exponents,  0.82  and  0.64,  in 
the  power  law  relationship,  I  -  t®,  for  different  SERS  bands.  Together  with  similarly 
analyzed  data  for  chromate  and  tungstate  on  silver  a  relationship  between  the  reciprocal  of 
6  and  the  type  of  aggregate  structure  and  mode  of  adsorbate  coordination  is  proposed. 

Introduction 


The  particular  brand  of  Raman  scattering  known  as  surface-enhanced  Raman  scattering^ ' 2 
(SERS)  is  now  over  ten  years  old.  There  are  however  still  problems^  in  describing  the 
mechanism  of  enhancement  of  Raman  intensities  in  the  Mie  scattering  formalism  for  small 
colloidal  particles.  The  SERS  enhancement  (G)  for  an  oscillating  molecular  dipole  located 
on  a  spherical  particle  (a  <<  Xq)  ^x^s  been  derived  as 


where  g^  = 


+  2 


and  g  = 


.2  - 


+  2 


=  1(1  +  2  go)(l  +  2  g)|2 

Thus,  G  becomes  large  if  either  no^  “2  or  n^  -2, 


i.e.,  if  no  (refractive  index  at  the  incident  wavelength)  or  n  (refractive  index  at  Raman- 
shifted  wavelength)  approach  /2i.  For  pure  silver  in  water  this  occurs  at  about  382  nm. 
The  enhancements  do  not  become  infinite  since  even  for  pure  silver  in  air  the  real  part  of 
the  refractive  index  does  not  assume  a  zero  value  at  this  resonance  but  attains  a  finite 
minimum  value. 


Electrodynamic  calculations,'^'^  for  silver  spheres  have  shown  that  the  resonances 
coinciding  with  the  extinction  band  maxima  of  single  spheres  should  also  be  observed  in  the 
Raman  scattering  intensity  from  molecules  on  the  surface  of  small  silver  spheres.  This 
however  has  not  been  realized.  All  of  our  experiments®”^  with  colloidal  metal  particles 
have  shown  SERS  intensity  maxima  that  are  displaced  towards  the  red  to  coincide  with  maxima 
due  to  multiplets  of  single  particles  in  clusters.  The  implications  of  these  results  are 
that  (1)  SERS  enhancement  for  molecules  on  single  isolated  particles  is  much  lower  beyond 
our  detection  limit  (-  lO^  -  10'^  over  normal  Raman  scattering  intensity);  (2)  the 
calculations  are  very  sensitive  to  optical  constants  of  silver  that  are  used  and  comparison 
with  experiment  results  depends  on  purity  of  silver  in  the  system  (The  colloidal  silver 
sols  as  prepared  are  hardly  pure  silver  systems  and  no  doubt  the  theoretical  estimates  must 
be  revised  downward  to  compare  experimental  against  theoretical  results.);  (3)  there  may  be 
some  additional  enhancement  for  molecules  on  the  surface  of  particles  in  aggregates  or 
clusters  of  any  size  (starting  with  a  doublet)  that  is  not  present  for  single  isolated 
particles  and  which  gives  the  detectable  SERS  spectra. 


Herein,  we  describe  some  of  our  recent  results  aimed  at  understanding  more  about  the 
enhancement  mechanism  for  SERS  and  SERS-active  sites.  The  system  consists  of  colloidal 
silver  particles  and  adsorbed  oxoanions,  either  monomeric  Cr042”,  WO42”,  PO42”  ions  or 
polymeric  H2W22O40””'  isopolytungstate  ions.  Transmission  electron  micrographs  of 
aggregated  sols  were  used  for  the  analysis  of  their  internal  structure  and  determination  of 
their  fractal  dimensions.  SERS  spectra  of  aggregates,  taken  during  their  growth  period. 
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were  used  to  analyze  the  kinetics  of  aggregation  as  induced  by  the  oxoanions.  The  scaling 
of  SERS  intensity  with  the  time  of  aggregation  was  also  analyzed,  and  together  with  the 
structural  results  their  implications  on  the  SERS  mechanism  were  analyzed. 

Results 


Preparation  and  Transmission  Electron  Microscopy  of  Silver  Particle  Clusters 

The  primary  Carey  Lea  silver  sol^  with  adsorbed  citrate,  diluted  1000-fold  to  a  silver 
concentration  of  0.002  g/L  for  TEM  examination,  consisted  mainly  of  single  silver  particles 
and  a  few  small  aggregates  (doublets  and  triplets) .  These  particles  have  a  mean  diameter 
of  13  (i6.3)nm.  When  the  primary  sol  diulted  10-fold  with  distilled  water  was  treated  with 
an  ion  exchange  resin  (mixed  bed:  R'*’,  “OH  form)  to  remove  sodium  and  citrate  ions  to  a 
conductivity  of  4  umho  cm”^  approaching  that  of  distilled  water,  some  small  aggregates 
appeared  within  several  hours  after  treatment.  Aggregation  increased  thereafter  until  the 
sol  precipitated  completely  after  a  week.  TEM  photos  of  these  aggregates  showed  that 
neighboring  sil''cr  particles  were  touching  each  other  to  form  silver-silver  contacts. 
Partial  or  total  coalescence  of  particles  was  sometimes  observed.  When  an  oxoanion  such  as 
metatungstate  H2W22O40^~  introduced  immediately  after  removal  of  sodium  citrate  by  ion 

exchange,  TEM  examination  of  the  aggregates  that  formed  showed  spaces  between  neighboring 
particles  that  had  no  silver-silver  surface  contacts  and  no  coalescence  of  particles  was 
observed . 

Analysis  of  Aggregate  Internal  Structure 

In  a  particularly  favorable  set  of  TEM  photos  snown  in  Figure  1  we  have  analyzed  the 
distribution  of  mass  in  the  2-dimensional  projection.  In  this  case  no  overlap  of  silver 
particles  occurred  and  thus  a  meaningful  analysis  could  be  performed.  An  enlargement  of 
the  micrograph  was  made  and  then  overlayed  with  a  square  lattice  of  1  mm  grid  graph  paper. 

A  hand-drawn  image  of  this  photo  was  then  produced  by  assigning  each  1  mm^  square  with  the 
presence  or  absence  of  a  oarticle.  Assuming  each  occupied  square  contained  the  same  mass 
of  silver,  the  scaling  of  particle  number  (N)  versus  size  (L)  was  obtained  for  a  series  of 
nested  squares  of  increasing  size  from  a  common  chosen  origin.  This  analysis^^  would  give 
a  power  law  dependence,  N  -  for  a  fractal  object  of  dimension,  D.  We  found  however  that 
the  slope  of  this  curve  in  Figure  2  varied  with  position  and  gave  D  =  2.02  in  the  middle, 

D  =  1.51  on  the  sides  and  D  =  0.99  in  the  intermediate  region.  These  results  probably 
reflected  our  choice  of  the  origin  near  the  center  of  the  image. 

Using  a  second  grid  method  due  to  Schlomo  Alexander, a  histogram  was  first  formed  for 
the  number  of  squares  (p(ni))  of  edge  length,  L,  containing  n^  particles  versus  n^.  The 
second  moment  of  this  histogram  (Zp(ni) n^^/fj^  where  N  =  normalizing  factor,  total  number  of 
squares)  was  shown  to  scale  as  L  for  fractal  objects  and  the  method  does  not  rely  on  a 
choice  of  origin.  A  logarithmic  plot  of  second  moment/L^  versus  L  gave  a  slope  and  thus 
fractal  dimension  D  =  1.51  in  good  agreement  with  the  average  value,  1.55,  by  the  first 
method . 

Further,  the  inner  and  outer  boundaries  of  a  segment  of  the  ribbon-like  chain  were 
analyzed  by  determining  the  number  of  lengths,  N ( H) ,  required  to  map  the  chain  with  a 
variable  yardstick  of  length,  i,  as  measured  out  on  a  pair  of  dividers.  A  logarithmic  plot 
of  N  versus  a  gave  fractal  dimensions  of  1.40  and  1.31  for  the  inside  and  outside 
boundaries,  respectively.  These  values  are  similar  to  D  =  4/3  obtained  for  polymer  chains 
in  dilute  media  and  from  computer  simulations  of  the  self-avoiding  random  walk  on  a 
2-dimensional  lattice. 

Thus,  fractal  dimensions  for  aggregate  structures  of  colloidal  metal  particles  can  span 
the  range,  1.8  to  1.3,  depending  on  the  type  of  structure  (D  =  1.8  for  globular 
cluster s ^ ^ ^ ^ ;  D  =  1.5  for  less  dense  clusters;  and  D  =  1.3  for  linear  chains) . 

Surface-Enhanced  Raman  Spectra  of  Oxoanions  on  Colloidal  Silver 

The  evolution  of  SERS  spectra  of  surface-adsorbed  chromate  and  phosphate  as  a  function 
of  time  for  growing  clusters  of  silver  particles  was  followed.  A  stretching  mode, 

Vg(Cr-O),  of  chromate  ion  in  solution  at  850  cm“ 1  is  soon  overshadowed  by  an  intense 
surface  counterpart  at  800  cm"^,  shown  in  Figure  3.  Analysis^^  of  the  kinetics  of 
aggregation  established  a  pseudo-first  order  rate  law.  Strictly,  aggregation  is  a  second 
order  rate  process;  however,  under  certain  conditions  it  can  assume  apparent  first  order 
kinetics.  In  the  present  case  the  kinetics  of  aggregation  takes  on  the  kinetics  of 
adsorption  at  relatively  high  total  adsorbate  concentrations  ('10”^  M) .  These  concentra¬ 
tions  are  much  higher  than  the  monolayer  concentration  of  -  10“^  M  required  to  cover  the 
entire  available  surface. 

Further,  SERS  spectra  in  Figures  4  and  5  taken  for  Cr04^“  and  P04^“  on  colloidal  silver 
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show  the  presence  of  two  sets  of  stretchinq  and  bending  bands  that  might  bi  ‘  assoriate.i  with 
two  species  of  adsorbed  ions  or  the  same  species  in  differi'p.t  silver  particle  <  ii  v  i  ronmen  t ;  . 

For  Cr042”,  these  SERS  bands  occur  at  800,  353  cm“  ^  and  937,  588  cm“  ■  ;  wh,  i  1  <■ ,  for 

they  are  found  at  930,  410  cm“ ^  and  1095,  575  cm“ ^ .  The  seconii  set  of  bands  is  not  assign¬ 
able  to  the  dimeric  species,  dichromate  or  pyrophosphate.  Th'-i,  i.ave  assigtuai  tr.em  to 

the  two  different  adsorption  sites  that  are  apparent  in  the  TEM  micrographs  of  the 

aggregated  silver  particles,  i.e.,  single-sided  or  open-ended  sites  with  no  nearby  adfaceiit 

particle  and  double-sided  or  bridging  sites  between  adjacent  silvi'r  particle  surfaces, 
respectively . 

Scaling  of  SERS  Band  Intensity  with  Time 

We  have  also  found^^  a  power  law  dependence  of  SERS  intensity,  I,  on  aggregation  tirrie, 
t,  in  intermediate  time  periods  after  an  initial  induction  time  when  first  order  kinetics 
set  in  and  before  the  end-point  at  which  larger  aggregates  begin  to  sodimentato  out  of  the 
suspension.  Log-log  plots^^  of  I  versus  t  for  3.5  x  10”^  M  VI04^~  on  silver  (slow 
aggregation)  gave  a  slope  =  B  =  .78  and  for  5.0  x  10“3  m  WO42-  on  silver  gave  a  slope  =  = 

.56.  Following  single-sided  (I920)  double-sided  (I560)  sites  for  P043“  on  silver  gave 

B  values  of  0.82  and  0.64,  respectively,  from  Figure  6.  It  appears  that  the  reciprocal  of 
the  slope,  S" ^ ,  can  be  correlated  with  the  structure  of  the  aggregates  that  arc  formed. 

For  growth  of  fractal  aggregates  it  has  been  suggosted^^  that  the  radius  of  gyration  of 
the  aggregates,  Rg  ■  Our  results  suggest  a  scaling  law  for  SERS  intensity  of  the 

form,  I  '  R  ■  t'-/”,  so  that  only  part  of  the  total  surface  area  (-R^)  is  SERS  active. 

Thus,  fast  aggregation  following  y(W042-)  assigned  to  a  double-sided  adsorption  site  gave 
D  =  1/.58  =  1.8,  the  diffusion  limited  aggregation  value  assumed  for  globular  cluster 
structures  as  previously  shown  for  colloidal  gold  sols.  In  this  limit,  the  particles  do 
not  have  the  time  to  discriminate  between  various  orientations  for  more  favorable 
collisions.  Slow  aggregation  following  v(W042“)  assigned  to  a  double-sided  site  gave  D  = 
1/.78  =  1.3,  the  value  assumed  by  linear  chains.  Here,  singlets  colloiding  with  doublets 
or  higher  order  multiplets  of  particles  prefer  to  add  in  an  end-on  fashion  instead  of  sido- 
on  to  avoid  higher  coulombic  repulsion  from  negatively-charged  ions  adsorbed  on  two  or  more 
particles.  Further,  slow  aggregation  following  v(P045")  in  a  double-sided  site  gave  D  = 
1/.82  =  1.2  like  the  above  value  for  WO42-  on  silver  associated  with  linear  chains  but  slow 
aggregation  following  v(P043")  of  a  single-sided  site  gave  D  =  1/.64  =  1.6.  We  interpret 
this  to  show  that  the  single-sided  site  has  no  orientational  preference  as  in  the  double- 
sided  binding  site  which  also  mimics  spatially  the  aggregate  structure. 

Mechanism  of  SERS  Enhancments 


SERS  enhancements  that  we  have  previously  determined^"^  fQj-  molecules  adsorbed  on 
colloidal  silver  and  gold  at  various  stages  of  aggregation  fell  in  the  10^  -  10®  range.  No 
enhancement  was  observed  with  excitation  into  the  single  particle  Mie  resonances  of  silver 
and  gold  at  400  and  520  nm,  respectively.  Recently  revised  electrodynamic  calculations^'^ 
r>f  small  single  spheres  of  silver  using  new  data  on  optical  constants  of  silver  give  lower 
values  (10^  -  10'*)  for  the  SERS  enhancement  than  the  10®  figure  initially  computed.  Since 
the  silver  sols  that  we  have  experimentally  investigated  by  no  means  represent  pure  silver 
in  water,  these  ideal  theoretical  estimates  almost  certainly  need  to  be  revised  downwards 
for  comparison  with  experimental  results.  The  clectrodynamic  theory  for  two  interacting 
silver  spheres  has  not  been  completely  solved.  Certainly,  additional  dipole-dipolo  coupl¬ 
ing  terms  not  present  in  an  array  of  non-interacting  single  spheres  will  become  important 
so  that  to  a  first  approximation  the  total  SERS  enhancement  might  be  expressed  as  a  product 
of  enhancements  from  adjacent  interacting  spheres, 

*^total  li  ■  Ij- 

This  would  put  the  upper  limit  for  SERS  enhancements  at  10®  -  10®  which  is  in  agreement 
with  10®  or  greater  values  that  have  been  reported.  Also,  it  might  be  expected  that 
globular  clusters  (D  =  1.8)  would  show  higher  SERS  enhancements  than  less  dense  cluster 
(D  =  1.5)  than,  in  turn,  linear  chain  clusters  (D  =  1.3).  This  appears  to  be  the  case  from 
our  data  at  identical  aggregation  times  but  there  is  no  assurance  that  the  comparison  is 
for  the  identical  number  of  primary  silver  particles  in  the  various  aggregate  form.s . 
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Figure  1.  Transmission  electron  micrographs  of  silver  particles  aggregated  by  isopolytuag- 
state  (6  micromho  cm~^  silver  sol  and  1.0  x  10~3  .M  H2Wi2O40^~)- 
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Figure  4.  SERS  spectra  of  chromate  on  colloidal  silver.  Experimental  conditions: 
excitation  wavelength,  488.0  nm  Ar"*",  photon  counting-time  interval,  0.10  s;  spectral  slit- 
width,  7  cm"^. 
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Figure  6.  Power  law  dependence  of  surface  Raman  band 
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INTERACTION  OF  MONOCHROMATIC  WAVES  AND  BODIES  OF  NONHOMOGENEOUS  MORPHOLOGY 
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Abstract 


A  theoretical  model  has  been  developed  to  calculate  the  interaction  between  bodies  of 
nonhomogeneous  morphology  and  monochromatic  radiation  up  to  the  microwave  region.  The 
theory  is  applied  to  biological  studies. 


Introduction 


There  has  been  a  growing  need  to  study  many  practical  applications  for  systems 
containing  nonhomogeneous  bodies  of  multilayered  structure.  This  has  motivated  us  to 
develop  a  theory  capable  of  evaluating  the  interaction  of  bodies  of  such  configuration 
with  nonionizing  radiation.  This  paper  deals  with  the  development  of  an  exact  theory 
which  would  make  it  possible  to  accurately  account  for  the  absorption  and  the  scattering 
of  homochromatic  plane  polarized  electromagnetic  waves  from  arbitrary  multilayered 
spherically  symmetric  bodies.  The  presently  desired  functions  are  more  general  in  nature 
than  those  describing  the  simpler  theory  for  the  interaction  of  electromagnetic  waves  and 
homogeneous  spherically  shaped  bodies  embedded  in  dielectric  and  isotropic  materials.  For 
the  development  of  such  complex  theory,  it  was  necessary  to  follow  the  same  basic  steps 
used  to  reach  the  conclusions  for  the  less  complex  cases. 

Since  these  theories,  for  the  interaction  of  radiation  and  material,  are  applicable  to 
bodies  whose  dimensions  are  of  the  order  of  the  wavelengths  of  the  incident  radiation,  it 
was  possible  to  study  the  electromagnetic  properties  of  single  bodies  as  they  interact 
with  radiations  whose  wavelengths  range  from  submicrons  to  a  few  meters,  depending  upon 
the  dimensions  of  these  bodies  of  interest. 

The  derived  equations  have  also  been  used  to  predict  the  fields  induced  inside 
multilayered  bodies  of  different  dimensions  and  electrical  properties.  Moreover,  the 
distribution  of  the  absorbed  energy  inside  the  core  material  has  been  considered. 
Consequently,  the  treatment  of  the  nonuniform  internal  heating,  which  has  in  general  been 
confined  to  infinitely  extended  flat  models,  has  been  generalized  to  multilayered 
spherical  bodies. 

As  an  application  to  the  present  theoretical  investigation,  the  dose  patterns  produced 
in  the  brain  of  a  model  of  a  human  head  have  been  evaluated,  and  the  results  for  different 
dimensions  of  the  model  will  be  presented. 

Development  of  the  Theory 

Generally,  the  solution  of  any  of  these  boundary-value  problems  starts  with  Maxwell's 
equations  representing  the  incident  waves  in  spherical  polar  coordinates.  With  these 
equations,  the  electric  and  the  magnetic  components  of  the  incident  wave  can  be  expressed 
as  an  infinite  sum  of  spherical  partial  waves.  Each  of  such  partial  waves  is  represented 
by  a  combination  of  Bessel  functions  and  Legendre  polynomials.  As  the  incident  wave 
encounters  the  concentric  spherical  layers,  scattered  electric  and  magnetic  fields  are 
induced  outside  the  spherical  layers.  These  induced  fields  are  also  expressed  as  infinite 
summations  of  spherical  partial  waves  with  unknown  coefficients.  To  find  the  values  of 
such  coefficients,  we  apply  the  boundary  conditions  for  the  electric  and  magnetic  fields 
at  the  surfaces  of  the  outmost  layers.  Moreover,  electric  and  magnetic  fields  are  induced 
inside  each  of  the  layers  by  the  incident  wave.  These  fields  can,  once  more,  be  expressed 
as  infinite  sums  of  spherical  partial  waves  with  other  sets  of  unknown  coefficients  which 
can  also  be  determined  by  applying  the  proper  boundary  conditions  at  each  of  the 
interfaces  between  the  layers. 

For  homogeneous  spherical  bodies,  there  is  only  one  set  of  boundary  conditions  to 
satisfy.  These  boundary  conditions  call  for  the  continuity  of  the  tangential  components 
for  the  E  and  M  fields  at  the  boundary  of  the  homogeneous  sphere.  These  boundary 
conditions  are  as  follows; 
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E0  =  Eg  . 

E^  =  . 


(oM^)^  =  (aMg)°  , 

(aM^)i  =  (aM^)O  , 

where  M^,  are  related  to  the  magnetic  field  He  and  by  the  relationship 

-ifjiXn  „ 


and  a  similar  relation  for  Mg  and  Here,  v  is  the  frequency  of  the  incident  radiation, 

M  is  the  permeability  of  the  medium,  Xq  is  the  wavelength  of  the  incident  radiation  in 
vacuum,  and  m  is  the  complex  index  of  refraction  of  the  particle  material: 

m  =  n-i  K  (6) 

where  n  is  the  real  part  of  the  index  of  refraction,  while  k  is  the  imaginary  part  of  the 
index  of  refraction.  Also,  a  is  the  Mie  parameter  defined  by  the  relationship 

2»-nQr 


where  nQ  is  the  index  of  refraction  of  the  surrounding  mediiun,  and  r  is  the  radius  of  the 
particle. 

Moreover,  the  superscripts  i  and  o  are  for  the  regions  inside  and  outside  the  particle, 
respectively. 

For  a  core-shell  configuration  which  is  sometimes  called  stratified  body,  we  have  to 
satisfy  two  sets  of  boundary  conditions.  The  first  set  of  boundary  conditions  is  for  the 
boundary  at  the  interface  between  the  shell  and  the  surrounding  medium,  while  the  second 
set  of  boundary  conditions  which  has  to  be  satisfied  is  that  at  the  interface  between  the 
core  and  the  shell  material. 

The  boundary  conditions  at  the  two  interfaces  are  as  follows: 


i^0sh}Rj^=r  ”  {^ec^Rj^^r 
^^0sh}R^  =  r  ”  Wc^R]^=r 
"’2i^esh^Rj=r  ~  "’l^^ec^R^  =  r 

'"2{*^^sh^Rj^  =  r  ”  =  r 


L=r  = 
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where  the  subscripts  c  and  sh  correspond  to  the  core  and  the  shell  regions,  respectively, 
while  the  superscripts  s  and  i  correspond  to  the  scattered  component  of  the  field  and  the 
component  in  the  interior  of  the  sphere,  respectively.  The  component  without  any 
superscripts  other  than  direction  is  that  representing  the  incident  field. 

One  of  the  most  important  points  that  we  have  to  consider  for  the  core-shell  case  is 
that  concerning  the  solution  in  the  intermediate  region  of  the  shell.  The  wave  solution 
in  such  a  region  can  be  represented  in  terms  of  both  Jj^  and  tJj,,  since  both  functions  are 
well  behaved  so  that  a  linear  combination  of  both  functions  are  also  a  solution.  To  solve 
the  more  involved  case  of  a  core  and  two  or  more  shells,  one  proceeds  in  the  same  manner 
as  in  the  less  involved  case,  of  a  core  and  a  single  shell. 

Also,  in  this  case,  we  have  to  remember  that  in  the  inner  and  outer  shells,  the  wave 
solution  is  represented  in  terms  of  J_  and  jjj,,  since  both  functions  are  well  behaved,  as  I 
have  mentioned  earlier  for  the  case  of  a  core  and  one  shell.  By  applying  the  boundary 
conditions  of  the  three  interfaces,  three  sets  of  equations  can  be  formulated  which  give 
rise  to  twelve  simultaneous  equations  to  be  solved.  The  resulting  equations  are  written 
as  follows: 


+  mjhj^j}^(m2(3)  -  m2Kj,i^'n ^m^/S )  =  0  (16) 

hj^7jf^(m2/3)  -  K^^n(m^/3)  =  0  (17) 

gn'/'n<"‘2*'^  +  h^7}j^(m2v)  +  < >"3 >' )  " 

m3gni/,^(m2v)  +  m3h^r)^(m2:')  -  m2C^i;'n (m3 v )  -  m2d^T)|:j(m3:^)  =  0  (19) 

=  "'3’^M'l')  (20) 

^n'^n("'3'i'>  *  (21) 

Ini/-;,(m2/3)  +  Jnnn('"2/3)  "  Mn('"l(’)  =  (^  (22) 

+  m3Jj^nn('"2^^  "  m2Lni/<j,(m3P )  =  0  (23) 

m3lj,\(/„(m2»')  +  n'3Jn’(n("'2‘'^  "  "'2®n'^n("'3'')  “  "'2^n’(n("‘3*'^  '  (^  (24) 

^n'('n("'2''^  ^  Jn’Jn("'2*')  "  ®n'('n("'3*')  "  =  0  (25) 

®n'^n("'3T'^  ^n’’n("'3'>'^  ^n^n('l'^  °  '/'n(7)  (26) 

®n'^A("‘3’^)  +  fn»»A<"’3'('>  (27) 


In  the  above  equations,  the  following  notations  have  been  used: 

a  =  2«’r/X  ,  (3  =  2jrR3/X  ,  v  =  27rR2/X  ,  and  7  =  2n’R3/X  , 


where  Rj,  R2  and  R3  are  the  radii  of  the  core,  the  first  shell  and  the  outer  shell, 
respectively.  Also,  r  is  the  general  distance  parameter  which  is  measured  from  the  center 
of  the  stratified  particle.  Moreover,  m^ ,  m2  and  m3  are  the  relative  complex  indices  of 
the  core,  the  first  shell  and  the  outer  shell,  respectively,  relative  to  the  surrounding 
medium. 


'w  by  using  the  first  six  equations  (16-21)  and  solving  for  the  result  of  such 
solution  takes  the  simple  form: 


(28) 


where  the  following  notations  have  been  used  to  allow  us  to  write  a^,  in  such  compact  form: 
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=  (niir)^(in2(3)7n<"'l(5)  -  m2i7n (">2^ ^ ^  ^  (29) 

\-^v]n,e  °  (inii;'^{m2/3)T)„(m3^/3)  -  m2\l/j^{m2e)rt^(miP))  (30) 

[i)V']n,i;  =  (m2i?n(n'3'')'('n('"2*'^  "  m3Tjj^(m3i>)\;-^(m2«') )  (31) 

['/'7?]n^y  =  (m2</'n(m3v)»}jj{m2v)  -  m3i//„(m3K) 7/^(m2i') )  (32) 

l^'l/'in,y  “  (»JA("'3T')'^'n(T'^  -  n>3»3j,(m37)\p^(7) )  (33) 

f'^’J^n,7  ~  ~  "*3'('n(”*3T'^ ^  (24) 


Similarly,  by  using  the  second  six  equations 
form: 


b„  = 


=  (m2»}n(n»2/3)'/'n("‘l*’^ 

=  (m2^n(m2/3):jn(m3^) 

"  (m37)^(m3v)i;/j^(m2P) 
('(")ln,»>  (m3i((;,(m3p)t}j^(m2v) 

=  (m3:i^(m37)i//j,(7)  - 

('('’?Jn,7  =  (m3«/';,(m37)i^rri(7)  “ 


(22-27),  the  solution  for 

A,p(U^]n,7t'>'('ln,.-U'^ln,. 

n,^(f'^«ln,7t’»'^3n,.-t^^]n,. 

-  m37jn(n'2(2)'^'A("'l^) ) 

-  m3\(-j^(m2/3)nn(n'i^) ) 

-  m2)7n(m3v)i|i^(m2:') ) 

-  m2<<'n(”'3*')’Jn("'2*’^  ^ 

i7n(m37)'/'n(7) ) 

\('n(n'37)  17^(7) ) 


bj^  takes  the 

-  (35) 

t’Jiln,.) 

(36) 

(37) 

(38) 

(39) 

(40) 

(41) 


Only  these  two  coefficients,  and  b^,  out  of  a  total  of  twelve  unknown  distribution 
coefficients,  are  necessary  to  describe  the  interaction  between  the  incident  wave  and  the 
stratified  sphere  as  a  unit. 


To  find  the  internal  distribution  for  the  induced  electric  field  in  every  part  of  the 
multilayered  spherical  model,  one  should  have  a  full  knowledge  of  the  components  of  the 
induced  electric  field  inside  each  and  every  layer  of  the  multilayer  sphere.  The 
components  of  the  induced  electric  field  in  the  outside  shell,  the  intermediate  shell,  and 
also  the  core  are  written  in  the  following  equations: 


^  ^n("*3®)  Tjn(moa) 

®rsho  “  ^  (-i)*^  2.(2n+l)  |  Cp  -  +  d^,  - [sinO  cos^ 

n=l  (m3a)^  (m3a)2 


(42) 


^flsho 


(2n+l)  '('n('"3“>  .  ^  »?n(^ 

(m3a) 


E  -f—  ‘  On 

n=i  n(n+l)  *-  (moa) 


(43) 


^  ,  '('n("'3“)  ,  »>n("'3“)  ,  i 

"  -  fn  Un]cos4» 
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w  ■  L 

n=l 


. -n+l  (2n+l)  r  ^ 


n(n+l ) 


[iCn 


■*■  -  t  "n 

(m3a)  (m3a) 


-■rshi 


..n+i  (2n+l)  r, 


i  = 


n=l 


D 


n(n+l)  ”  (m^a)^  (m^a)^ 


0shi 


-  ^  (2n+l)  r.„  '^n<"'3“)  ,  ,  ’Jn('«3“)  , 

i  2^  ^  /  1  \  L'^*'  /  \  \ 

n(n+l)  (m2a)  (m2a) 


n=l 


"  (m2a)  ■"  (ni2o) 


I’fn] 


COS0 


(44) 


+  -  jsin0  TT^  COS0  (45) 

(m  n ) ^  J 


(46) 


■■^shi 


.  ..n+i  (2n+l)r,  '^n<"»3“>  ^  »?n<"'3“>  , 

^  “T^U^n  - - -  ^ 

n(n+l)  *"  (m2a)  (m2a) 


n=l 


\l/j^(m2a)  T)^(m2a) 


^  (1112^)  ^  {m2a) 


rjsii 


+  (-i)  !ln  -7-^ - T-  +  Jn  -7^ - ^  lTn|sin0 

ja) 

Ej.j.  =  ^  (-i)'’'*'^(2n+l)  jK„  - ^jsine  cos^ 

1^1  (ra^a)2 


(47) 


(48) 


"ec 


<t>c 


(-i)"*i  riK„ 

n^n  +  ^^  L' 


n(n+l)  *-'  “  (m^o) 

n(n+l)  *-  (nijo) 


rn  +  (-i)  Ln 


TTn  +  (-i)  Ln 


(m^a) 

<^'^,(11130) 

(mi  a) 


^nljcos^ 

Tj^|]cOS0 


(49) 


(50) 


Now,  to  find  the  explicit  form  of  the  solution  for  the  three  components  of  the  electric 
field  inside  the  core,  for  example,  one  should  find  the  values  of  the  partial  coefficients 
Kj^  and  Lf,,  just  as  we  have  previously  done  to  find  the  values  of  a^,  and  To  find  the 

solution  of  Kn  in  terms  of  known  parameters,  we  will  use  equations  16-21.  As  for  the 
solution  of  L^,  we  use  equations  22-27.  The  solutions  to  these  partial  coefficients  are 
written  in  an  abbreviated  form  as  follows; 


^  _ -mim2m3[i^t  In, (>»»)'  (/3g) ' _ 

"  {^3(1(7)  (m2i7n(n‘2»')t<^'»?]n,(7v)'  "  (y,>)  ^ 


-  (n(7)  (>n2’»n<'"2‘’)['^’jJn,(7.-)"  "■  "'3’»A("'2*')  ( ;;7)  ’  > }  ^ 

-  [[>h<']A,0  {"*3*A<'l'^<"'2'<'n<'"2‘'’l'^’’Jn,(7v)’  "  ’”3K^”'2‘'^  (yy)  ^ 

-  (nh)  (n'2'<'n<"'2‘')t'^’'^n,  (71;)"  '"3'^n<'"2*')  t'*'’J^n,  ( ;-7)  >  1 1  <51) 
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(52) 


-  m3?^(7)  (m37ij^{m2»')[i/(Ti]n^{^;,)-  +  n‘2*'n<"‘2'')  (  V7)  >  ^  1 

-  ^^r,^|,'^n.P  {in(T')<'"3'^n<"*2‘’)t'<'’>ln,(7;;)'  ~  '"3'^n<"‘2‘')  (7J») ) 

-  n'3«n(7)  (n‘3'^n("'2*')[’<'’jln,(7j;)"  +  "'2'f'n<"’2*'^  (i;7) '  >  ^  J 

The  partial  coefficients  Kj^  and  have  been  written  in  abbreviated  form  besides  some 


new  ones  which  are  defined  in  the  following  manner: 

C'^^ln,7  ^  ~  (53) 

^  '^n("'3''^  j}^(m3i»(cS)  -  \fi^(m2v)  Vn(nt2i')  (54) 

[\('J7]n,  ((3/3) '  =  '('n(n'2(^^  »?A("*2^^  “  \('n(m2/3)7}j^(m2^)  (55) 

(7t») '  ^  '('n("'3'l')  ’3n("*3*’)  "  ^A("'3‘’^’>n("’3')')  (56) 

(y^)”  =  '/'n(n'37)  nA("'3*')  “  ^('n("*3*'^’Jn("‘3'^^  (57) 

and  similar  abbreviations  for  similar  brackets. 


It  should  be  noted  that  since  the  partial  coefficients  K-  and  Lj,  are  evaluated  in  terms 
of  the  values  representing  the  geometry  (the  radii  of  all  the  layers  involved)  and  also 
the  properties  of  the  different  layers  (the  conductivity  and  the  complex  indices  of 
refraction  of  each  layer)  in  the  different  parts  of  the  model,  we  expect  a  change  in  the 
distribution  of  the  internal  field  in  the  core  area  as  a  result  of  a  change  in  the 
morphology  of  the  outer  layers. 


Numerical  Evaluations 

The  scattering  and  the  absorption  efficiency  factors  for  homogeneous  spherical  particle 
as  a  function  of  the  particle  diameter  for  various  values  of  the  complex  index  of 
refraction  are  shown  in  Figures  1-6.  The  results  of  our  calculations  show  that  for  a 
relatively  small  value  of  the  real  part  of  the  index,  1.2  for  example,  and  when  the 
extinction  index  k  is  about  0.1  or  higher,  the  scattering  efficiency  factor  lacks  the 
multiple  peaks  behavior  due  to  the  strong  damping.  On  the  other  hand,  for  small  k  values 
the  oscillatory  structure  becomes  apparent,  and  it  shifts  toward  the  larger  particles. 
Also,  as  K  increases,  the  scattering  efficiency  becomes  very  small,  while  the  absorption 
efficiency  rises  quickly  with  almost  no  ripple  structure  as  shown  in  the  figures. 

However,  increasing  the  real  part  of  the  index  enhances  the  ripple  structure  for  the 
scattering  efficiency  along  with  the  increase  in  the  primary  and  the  secondary  peak  values 
and  a  shift  in  the  location  of  such  peaks  toward  the  smaller  particles. 


Since  the  derived  equations  are  general  in  their  form,  it  is  possible  to  evaluate  the 
interaction  between  the  incident  wave  from  a  laser  beam  and  particles  of  sizes  comparable 
to  the  wavelength  of  the  incident  beam  or  the  interaction  between  microwaves  and  particles 
or  bodies  of  dimensions  in  the  centimeter  and  meter  range,  as  long  as  the  dielectric 
properties  of  the  core  and  the  shells  materials  are  known  in  each  and  every  region  of  the 
spectrum  in  which  they  are  being  investigated.  For  example,  consider  the  geometry  in 
Figure  7  to  be  a  subcutaneous  fat  core  while  the  shell  is  the  layer  representing  skin. 
Figure  8  illustrates  the  total  absorption  as  a  function  of  the  core  diameter  for  a 
frequency  of  433.2  MHz.  It  is  obvious  from  the  figures  that  at  such  low  frequency,  the 
absorption  increases  as  the  shell  thickness  increases.  Such  results  should  not  come  as  a 
surprise  to  us,  especially  that  the  extinction  index  k  for  the  skin  layer  is  very  high  at 
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Fig.  3  The  absorption  efficiency  factor  as  a  function  of  the  particle  size, 
for  n  =  1.6,  while  the  extinction  index,  k,  assumes  the  three  values 
shown  above. 


Fig.  4  The  scattering  efficiency  factor  as  a  function  of  the  particle  size, 
for  n  =  1.6,  while  the  extinction  index,  k,  assumes  the  three  values 
shown  above. 
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The  absorption  efficiency  factor  as  a  function  of  the  particle  size, 
for  n  =  1.8,  while  the  extinction  index,  k,  assumes  the  three  values 
shown  above. 


The  scattering  efficiency  factor  as  a  function  of  the  particle  size, 
for  n  =  1.8,  while  the  extinction  index,  k,  assumes  the  three  values 
shown  above. 


Also,  one  should  realize  that  the  diameter  of  the  core  is  small  relative  to  the 
wavelength  of  the  incident  radiation  (at  such  frequency  X  =  69.25  cm),  and  that  the 
presence  of  the  skin  shell  increases  the  diameter  value  and  moves  it  toward  the  size  of  a 
more  efficient  absorber.  Moreover,  due  to  the  small  diameter-to-wavelength  ratio,  coupled 
with  the  high  k  value,  the  resulting  scattering  efficiency  is  expected  to  be  relatively 
small.  This  would,  in  time,  lead  to  higher  absorption  efficiency,  especially  by 
introducing  a  more  efficient  absorber,  like  the  skin,  on  the  outside.  Or.  the  other  hand, 
by  examining  the  comparable  results  in  Figure  9,  at  a  frequency  of  3,000  MHz  (X  =  10  cm), 
we  find  ourselves  confronted  with  a  more  complex  situation.  This  is  mainly  because  we  are 
in  a  region  where  the  diameter  of  the  core  is  of  the  order  of  the  wavelength  of  the 
incident  radiation.  In  such  a  case,  since  the  extinction  index  k  for  the  skin  is  about  10 
times  that  for  the  fate,  the  presence  of  the  skin  enhances  the  absorption  only  when  the 
core  diameter  is  less  than  6.0  cm.  It  is  also  worth  mentioning  that  as  the  skin  thickness 
increases,  the  primary  peak  for  the  absorption  efficiency  factor  moves  toward  a  smaller 
core  diameter  as  seen  in  the  figure.  This  is  because  in  the  case  of  a  small  core 
diameter,  as  the  skin  thickness  increases,  the  volume  ratio  of  skin-to-fat  increases  much 
faster  than  for  the  larger  core  diameter.  Consequently,  the  resulting  core-shell 
combination  becomes  much  richer  with  a  more  efficient  absorber  which  leads  to  a 
significant  increase  in  the  absorption  efficiency  of  the  resulting  body. 


Fig.  9  The  absorption  efficiency  factor  for  a  fat  core  and  a  skin  shell 
as  a  function  of  core  diameter  and  shell  thickness,  at  a  wave 
frequency  of  3000.0  MHz. 


From  the  results  concerning  these  cases,  it  is  safe  to  state  that  the  skin  acts  as  a 
radiation  collector  for  small  size  cores  and  as  a  shield  for  the  larger  size  cores  only 
for  the  high  frequency  radiation.  For  low  frequency  radiation,  it  enhances  the  absorption 
regardless  of  the  core  size.  As  for  the  intermediate  frequency  radiation,  the  presence  of 
the  skin  contributes  both  ways,  as  we  can  deduce  from  the  results  in  Figures  10  and  11. 


Using  the  equations  developed  for  the  partial  coefficients  a-  and  b^^  for  the  case  of  a 
three-layered  body,  and  by  applying  the  relationships  between  the  effective  cross-section 
and  these  coefficients,  one  can  find  the  total  energy  absorbed  and  also  the  energy 
scattered  by  bodies  with  such  morphology. 

By  utilizing  the  proper  values  for  the  dielectric  parameters  of  the  tissues  used  in  our 
three-layered  model  which  represents  a  model  head,  we  were  able  to  calculate  the  total 
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absorption  cross-section  for  different  brain  sizes,  CSF  layer  thickness,  and  also  for 
different  overall  head  sizes.  In  Figures  12,  13  and  14,  we  have  plotted  the  absorption 
cross-section  as  a  function  of  frequency  for  different  brain  and  outer  shells  dimensions. 
By  comparing  these  results,  we  conclude  that  the  location  as  well  as  the  absolute  value  of 
the  primary  absorption  peak  changes  as  the  head  morphology  changes.  This  simple  result 
demonstrates  the  importance  of  the  geometry  of  the  layers  considered  in  the  model  as 
necessary  input  for  predicting  the  total  absorption  of  the  model  head. 


Fig.  12  The  total  absorption  for  a  three-layer  model  head  with  a  brain 
radius  of  5.0  cm,  a  CSF  layer  0.4  cm  thick  and  a  bone-and-fat 
layer  0.6  cm  thick,  as  a  function  of  frequency. 


Fig.  13  The  total  absorption  for  a  three-layer  model  head  with  a  brain 
radius  of  6.5  cm,  a  CSF  layer  0.4  cm  thick  and  a  bone-and-fat 
layer  0.6  cm  thick,  as  a  function  of  frequency. 
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When  dealing  with  biological  specimens,  it  is  of  great  importance  to  have  a  full 
knowledge  of  how  the  induced  fields,  and,  consequently,  the  internal  heating  are 
distributed.  Using  the  distribution  coefficients  describing  the  distribution  of  the 
induced  field  in  the  core  region,  we  can  now  evaluate  the  uniform  internal  distribution  of 
the  induced  electric  field  in  the  core,  which  is  the  brain  for  the  model  head.  In 
Figures  15  and  16,  we  present  the  results  of  our  calculations  for  the  normalized  value  of 
the  induced  field  inside  the  two  geometries  described  in  the  figures  for  a  frequency  of 
915.0  MHz  which  is  known  to  be  of  practical  importance  as  a  diathermy  frequency. 


Fig.  16  The  distribution  of  the  normalized  induced  field  inside  the  core 

(brain)  of  a  three-layer  model  head,  for  a  core  diameter  of  14.0  cm 
and  an  overall  head  diameter  of  15.0  cm. 


In  conclusion,  we  can  evaluate  the  energy  absorbed  by  a  three-layer  spherical  body  and 
also  the  internal  distribution  of  the  induced  field  using  a  closed-form  solution.  Also, 
the  outside  dimensions  of  a  three-layer  model  have  more  effect  on  the  outcome  of  the 
absorption  cross-section  than  does  the  core  size.  As  for  the  model  head  considered  in  the 
present  investigation,  the  maximum  absorption  is  obviously  between  570  and  4,000  MHz,  a 
fact  which  has  been  confirmed  experimentally. 
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Digital  Disk  Sub-systems  for  Real-time  Image  Processing 


Ranjit  Mulgaonkar 

Recognition  Concepts  Inc.  Incline  Village,  Nevada. 

Todays  computer  industry  is  constantly  introducing  faster  and  faster  processors  in  the  market.  Al¬ 
though  these  processors  can  process  the  data  at  a  very  high  speed,  the  overall  performance  of  the  sys¬ 
tem  can  be  limited  if  the  data  storage  devices  are  unable  to  keep  up  with  the  processor  I/O 
requirements.  In  many  computer  applications  very  large  amounts  of  data  are  needed  to  be  stored, 
retrieved  and,  processed  at  high  speeds.  Digital  disk  sub-systems  provide  the  high  performance  and 
high  capacity  that  the  traditional  storage  devices  are  unable  to  provide. 

The  disk  .sub-systems  are  particularly  important  in  the  image  processing  applications  because  of  the 
video-rate  or  real-time  acquisition,  processing  and,  display  requirements.  These  real-time  operations 
must  be  complemented  by  real-time  storage  and  retrieval  of  image  data.  For  a  video-rate  or  real-time 
(30  frames/sec)  transfer  of  a  512  X  512  pixel  images  with  8-bits  per  pixel  transfer  rates  of  greater  than 
7,864,320  bytes/seconds  have  to  be  achieved.  For  the  same  size  image  with  16-bits  per  pixel  this  trans¬ 
fer  rate  requirement  doubles.  Many  image  processing  applications  require  acquisition  and  storage  of 
very  large  size  or  large  number  of  images.  A  lOK  X  lOK  LANDSAT  image  with  4  bands  of  8-bits/pixei 
each  takes  up  100  Mbytes  of  disk  space  while  a  1  minute  image  sequence  of  512  X  512  X  8-bit  images 
takes  up  471  Mbytes. 


Dedicated 


Figure  1  ;  Traditional  imaging  system 


In  many  applications  display  and  processing  of  very  large  images  is  desirable.  The  only  way  to  display 
these  very  large  images  in  real-time  is  to  virtually  roam  over  the  data  within  a  displayed  window.  Vir- 
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tual  roam  will  also  enable  the  virtual  processing  of  such  large  images.  These  special  transfer  speed, 
processing,  and  storage  requirements  are  encouraging  the  Image  Processing  industry  to  design  disk 
sub-systems  that  are  much  faster  in  speed  and  larger  in  disk  space  than  the  traditional  storage  devices. 
The  digital  disk  sub-systems  can  also  be  used  as  a  virtual  Random  Access  Memory  (RAM)  or  a  digi¬ 
tal  VCR.  These  disk  sub-systems  can  be  connected  to  the  image  processors  by  a  high  speed  image 
data  bus  for  high  speed  image  data  transfers.  The  entire  disk  sub-system  is  controlled  by  a  host  which 
communicates  to  the  sub-system  through  the  host  bus.  Other  elements  that  may  be  controlled  by  the 
host  that  can  access  the  disk  sub-.systems  are  a  Digital  Image  Processor,  High  Resolution  Display  Sta¬ 
tions,  or  an  Array  Processor.  The  digital  disk  sub-system  along  with  an  Image  Processor  can  also  be 
used  to  acquire  16  bits/pixel  color  images  (YIQ)  at  real-time. 


HIGH  SPEED  BUS  (IMAGE  DATA)  VlslNET 


USER  DISK  TAPE  PRINTER  NETWORK 


Figure  2  ;  Imaging  network  with  a  dedicated  high  speed  bus 
Early  attempts  to  design  high  speed  disk  sub-systems  resulted  in  parallel  transfer  disks  (PTD).  Many 
of  the.se  systems  used  multiple  read/write  heads  and  were  very  sensitive  to  physical  damage.  The  time 
required  to  replace  these  disks  was  large.  T  hese  disks  always  lacked  in  performance  and  reliability. 
The  sustained  transfer  speed  were  significantly  less  than  burst  speed.  The  read/write  heads  had  to  go 
through  a  large  amount  of  movement  making  the  system  suseptible  to  head  crash.  The  second  genera¬ 
tion  designs  use  standard  winchester  technology  disks.  These  disks  have  a  high  MTBF  (Mean  Time 
Between  Failure)  and  time  required  to  replace  a  disk  is  minimal.  There  are  many  different  possible 
designs  of  the  disk  sub-.system.  The  disk  sub-system  design  described  in  this  paper  is  implemented  by 
Recognition  Concepts  Inc.  for  their  TRAPIX  5500  Image  Processor  series.  This  particular  disk  sub¬ 
system  (VisiSTORE)  consists  of  a  specialized  master  disk  controller  that  controls  multiple  of  stand¬ 
ard  disk  controllers  and  hard  disks  of  winchester  technology. 

The  disk  sub-system  has  five  components: 

1)  High  speed  image  data  bus:  This  data  path  is  used  to  move  the  image  data  to  and  from  the  disk 
sub-.system  and  the  u.ser  device.  Examples  of  the  user  devices  are  image  processors,  high  resolution 
display  workstations,  array  processors  etc.  The  data  path  should  be  fast  and  wide  enough  to  handle 
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the  real-time  data  transfer.  VisiSTORE  transfers  image  data  via  a  dedicated  bus  (VisiNEl’)  at  a  rate 
of  up  to  20  Mbytes/second. .  'I'he  host  processor  is  only  used  for  the  control  and  all  the  data  transfers 
are  done  using  this  bus. 

2)  Host  bus  for  control:  This  data  path  is  used  to  send  commands  from  a  host  computer  to  the  disk 
sub-system  and  receive  the  status  back.  The  host  can  also  control  various  other  processing  units  that 
access  the  disk  sub-system  through  this  data  path. 

3)  Master  controller:  This  device  controls  the  entire  disk  sub-system  and  performs  the  following  func¬ 
tions: 

(a)  Interfaces  between  the  disk  sub-system  and  the  host  computer  using  the  host  bus  (2). 

(b)  Coordinates  data  transfers  between  the  high  speed  image  data  bus  ( 1)  and  remainder  of  the  disk 
sub-system. 

(c)  Provides  local  data  buffers  that  are  used  as  FIFO’s  (queues)  for  the  data  being  transferred  be¬ 
tween  the  high  speed  image  data  bus  (1)  and  remainder  of  the  disk  sub-system.  These  data  buffers 
are  useful  in  synchronizing  the  multiple  disks  running  asynchronously.  These  buffers  also  smooth  out 
any  momentary  differences  between  the  transfer  rates  of  the  high  speed  data  bus  and  the  disk  con¬ 
trollers. 


Master  controller  Slave  controllers  Multiple  disks 


Figure  3  ;  Block  diagram  of  VisiSTORE 

4)  Slave  Disk  Controllers:  The  master  controller  drives  many  slave  disk  controllers.  Each  of  these 
slave  disk  controllers  controls  one  or  many  standard  winchester  technology  hard  disks.  One  of  the 
slave  disk  controllers  keeps  track  of  the  status  of  all  the  other  slave  disk  controllers  and  reports  the 
status  to  the  master  controller.  The  slave  disk  controllers  perform  functions  like  formatting,  read, 
write,  head  movement,  status  gathering  etc. 
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5)  Hard  disks:  The  slave  disk  controllers  drive  these  disks.  The  number  of  disks  being  controlled  by 
each  of  the  slave  controllers  depends  upon  the  technique  used  to  store  the  data  on  the  disk.  There 
are  two  ways  to  store  the  incoming  data  on  the  disks: 

(a)  Each  incoming  byte/pixel  is  stored  on  the  next  available  disk.  If  one  of  the  disks  fails,  the  image 
stored  on  the  disk  loses  the  resolution,  but  no  one  image  frame  is  lost. 

(b)  Each  frame  of  an  incoming  image  sequence  is  stored  on  the  next  available  disk.  In  this  case  if  one 
of  the  disks  fails,  than  every  N’th  frame  from  a  sequence  is  lost.  However  for  the  individual  frames 
the  resolution  is  preserved. 

The  method  used  for  storing  the  images  depends  mainly  upon  the  application.  Real-time  simulation 
would  prefer  the  first  approach  in  order  to  save  the  entire  sequence  even  though  it  may  be  a  lower 
resolution  while  medical  imaging  applications  would  prefer  the  second  approach  in  order  to  main¬ 
tain  the  resolution  for  each  image  frame.  VisiSTOREcan  store  up  to  25  Gigabytes  of  image  data  that 
can  be  stored/retrieved  at  a  rate  of  up  to  1 8.6  Mbytes/sec  (sustained)  with  random  access  to  any  image 
frame  at  60  Msecs. 

These  disk  sub-systems  are  mainly  used  as  a  peripheral  device  in  a  image  processing  system.  The 
desirable  features  of  a  system  with  an  image  processor  and  a  disk  sub-system  would  be  real-time  image 
sequence  acquisitioii,  high  speed  processing  using  a  pipeline  image  processor  and  a  array  processor, 
high  speed  storage  of  the  acquired  and/or  processed  image  sequence  on  the  disk  sub-system,  real¬ 
time  retrieval  and  display  of  the  image  sequence  from  the  disk  sub-system,  retrieval  and  display  of 
images  at  a  variable  rate.  The  system  should  be  able  to  perform  basic  file  manipulation  functions.  The 
use  of  a  disk  sub-system  along  with  an  Digital  Image  Processor  will  enable  Virtual  Roam  and  Vir¬ 
tual  Processing  of  large  images  stored  on  the  disk.  The  disk  sub-system  also  provides  a  random  ac¬ 
cess  to  any  of  the  frames  stored  on  the  system  at  a  constant  time  (Typically  60  Msec). 

The  high  speed  data  bus  between  the  disk  sub-system  and  various  other  devices  has  evolved  into  an 
open  architecture  that  allows  many  new  devices  to  be  a  part  of  the  high  speed  network.  VisiNET  is 
one  such  example  of  high  speed  network  made  by  Recognition  Concepts  Inc.  The  disk  sub-system 
VisiSTORE  along  with  the  TRAPIX  5500  image  processor  and  the  Virtual  Image  Processing  Software 
(VIP)  manufactured  by  the  Recognition  Concepts  Inc.  provides  a  complete  image  processing  system 
with  a  real-time  disk  sub-system.  Additional  components  like  high  resolution  display  work  station 
TRAPIX-PLUS  (1024  X  1024  ),  MARS  array  processor  manufactured  by  Numerix  Corporation, 
VisiVISION  High  Resolution  Display  workstations  (2048  X  1536)  based  on  Univision  Technologies 
Inc.  VDC-800  board  or  VisiTEK  high  resolution  display  workstations  based  on  TEKTRONIX  Digi¬ 
tal  Display  Device  can  access  data  from  the  disk  sub-system  via  the  high  speed  network  VisiNE  T  in 
a  multi-user  mode.  VLDS  (Very  Large  Data  Storage)  recorder  manufactured  by  Honeywell  has  been 
also  interfaced  to  the  VisiNET  and  used  to  backup  digital  data  from  the  VisiSTORE. 

Applications;  Some  of  the  important  image  processing  application  areas  that  require  these  types  of 
disk  sub-systems  are  (1)  Defense  Applications,  (2)  Medical  Applications,  (3)  Industrial  Applications, 
(4)  Broadcasting  and  (5)  Research  and  Development. 
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(1)  Defense  Applications:  Success  of  many  of  the  defense  applications  depends  upon  the  speed  of 
processing.  For  example  applications  like  reconnaissance  and  simulation  need  real-time  acquisition, 
processing  and,  replay.  The  images  acquired  may  be  a  flying  object  like  a  plane  or  a  missile  or  images 
acquired  from  an  infra-red  camera  of  moving  or  stationary  objects.  Real-time  replay  of  stored  and 
processed  data  is  very  desirable  for  flight  simulation  or  at  the  test  range.  The  disk  sub-system  can  also 
be  used  to  store  images  acquired  at  greater  than  30  frames/sec.  by  acquiring  smaller  image  size  than 
512  X  512  pixels  and  packing  the  images  in  512  X  512  chunks  with  the  help  of  an  Image  Processor. 
The  disk  sub-system  can  be  used  as  security  systems  for  airport,  reactors  etc.  along  with  other  security 
devices. 


(2)  Medical  Applications:  Many  of  the  medical  procedures  need  a  high  speed  acquisition  and  replay 
of  images.  Images  need  to  be  acquired,  processed  and  replayed  in  real-time  for  the  digital  subtrac¬ 
tion  angiography.  3-D  reconstruction  of  organs  can  be  done  by  combining  large  numbers  of  previously 
stored  2-D  images  on  the  disk  sub-system  (CAT  scan,  MRI,  cell  biology).  Nuclear  Medicine, 
Ultrasonic  Imaging,  Thermal  Imaging  and  many  other  fields  of  medicine  can  use  the  disk  sub-system 
for  high  speed  storage.  The  disk  sub-system  can  also  be  used  to  store/retrieve  patient’s  medical  records 
(X-rays,  Ultrasonic,  thermal  images  etc.)  in  digital  form  and  can  be  viewed  on  ultra  high  resolution 
display  workstations  (Figure  4). 


VisiNET  HIGH  SPEED  BUS  (IMAGE  DATA) 


Figure  4  :  Example  of  medical  PACS  system 

(3)  Industrial  Applications:  SEM  and  TEM  applications  require  storage  and  processing  of  large  im¬ 
ages.  These  large  images  can  be  roamed  around  in  real-time  by  using  the  disk  sub-system.  Remote 
sensing,  seismic  research  and  mapfting  applications  can  use  the  ability  of  large  image  acquisition, 
storage,  processing  and  virtual  roam.  Non-destructive  testing  (NDT)  and  Machine  Vision  applica¬ 
tions  can  also  use  the  high  speed  and  large  storage  capacity  of  the  disk  sub-system. 
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(4)  Broadcasting:  Specialized  disk  sub-systerns  can  be  used  as  a  digital  VCR.  Images  can  be  processed 
for  measurements,  movements  etc.  using  the  image  processor  at  a  high  speed  and  replayed  at  various 
speeds. 

(5)  Research  and  Development:  The  disk  sub-system  can  be  used  for  all  types  of  R&D  when  a  fast 
and  large  data  storage  medium  is  needed.  If  the  disk  sub-system  is  a  node  of  network  of  several  proces¬ 
sors  then  it  can  be  used  to  continuously  acquire/display  images  for  a  long  time  while  other  nodes  con¬ 
tinue  processing  and  analysis. 

Conclusion:  The  Real-tim.e  digital  disk  sub-system  represents  a  new  trend  in  the  image  processing 
technology.  The  real-time  digital  disk  sub-system  VisiSTORE  and  high  speed  network  VisiNET  offer 
open  architecture  that  is  encouraging  manufactures  to  interface  imaging  peripherals  to  the  VisiNE'f. 
As  more  mature  disk  sub-systems  arrive  in  the  market,  many  new  applications  will  find  the  disk  sub¬ 
systems  useful. 

Ranjit  Mulgaonkar  is  the  Product  Manager  for  Recognition  Concepts  Inc.  (RCI).  RCI  is  located  in 
Incline  Village  Nevada  and  manufactures  Image  Processing  Systems  (Hardware  and  Software).  Some 
of  the  key  products  of  RCI  are  the  TRAPIX  5500  Image  Processor,  TRAPIX-PLUSand  VisiSTATlON 
High  Resolution  Display  Workstations,  VisiNET  High  Speed  Network  and  VisiSTORE  Digital  Disk 
sub-system. 
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NEAR  SPECULAR  LIGHT  SCATTER  MEASUREMENTS 
John  C.  Stover 

Toomay ,  Mathis  &  Associates,  Inc. 

P.  O.  Box  3118 
Bozeman,  MT  59715 
(406)  586-7684 


Reduction  of  near  specuiar  scatter  from  optics 
increasingiy  important  issue.  Near  specular  scatter 

troublesome  in  systems  where  high  resolution  imag 
Modern  space  and  aircraft  optics  often  have  to  meet 
requirements  in  the  visible,  the  infrared  or  both, 
standard  scatter  specification  is  not  readily  available, 
recently,  scatter  measurements  closer  than  one  or 
specular  were  difficult  or  impossible  to  obtain.  This 
presents  near  specular  data  taken  on  one  of  TMA ’ s  Comple 
Instruments  (CASI)  and  suggests  that  BRDF  measurements  ar 
of  specifying  low  scatter  optics. 


has  become  an 
is  particularly 
ing  is  required. 

these  type  of 
Unfortunately,  a 
In  fact,  until 
two  degrees  from 
application  note 
te  Angle  Scatter 
e  a  viable  means 


The  CASI  system  utilizes  variable  detector 
scan  technique  (with  and  without  sample)  to 
scatter.  A  complete  review  of  this  instrument 
literature  I- ^  J  as  well  as  several  papers  describin 
the  system  The  system  prese 

bidirectional  scatter  distribution  function  (BSDF) 
has  been  used  for  several  years  ,  and  is  bee 

integrated  with  the  users  requirements  it  allows 
measurable  (and  repeatable)  specification.  B 

terms  of  the  incident  power  Pi ,  the  detected 
detector  aperture  solid  angle  u)g  and  the  aperture 
sample  normal )  0g . 

Ps 

BSDF  =  - 

Pi  Wg  Cos  eg 


apertures  and  a  double 
measure  near  specular 
is  now  available  in  the 
g  results  obtained  with 
nts  scatter  data  as  the 
This  type  of  format 
oming  a  standard.  When 
the  generation  of  a 
SDF  may  be  expressed  in 
scatter  power  Ps ,  the 
angular  position  (from 


BSDF  is  usually  plotted  in  degrees  from  specular  although  other  formats 
exist.  The  terms  BRDF  and  BTDF  designate  reflective  and  transmissive 
sample  respectively. 


Several  examples  of  BSDF  data  taken  at  10.6  microns  are  shown  in 
Figures  1-5  for  various  infrared  materials.  Figures  1  and  2  show  the 
BTDF  from  GaAs  and  Ge  windows  plotted  against  logB.  In  each  case  the 
sample  data  is  compared  to  the  focused  beam  profile  and  scatter  produced 
from  the  instrument  alone  (without  the  sample  in  place).  Instrument  beam 
profile  and  scatter  is  referred  to  as  instrument  signature.  Separation 
of  sample  scatter  from  the  signature  depends  on  both  the  sample  and  the 
instrument  but  usually  occurs  below  1°  at  10.6  microns  and  below  .1°  in 
the  visible.  Figure  3  shows  the  same  GaAs  and  Ge  windows  in  comparison 
on  a  linear  0  scale.  A  set  of  six  ZnSe  windows  were  also  measured  at 
10.6  microns.  In  Figure  4,  the  high  and  low  scatter  samples  of  this  set 
are  compared.  The  sample  variation  was  less  than  one  order  of  magnitude 
over  most  of  the  range  of  the  measurement.  The  lowest  scatter  ZnSe 
window  is  compared  to  the  instrument  signature  in  Figure  5  on  a  logB 
scale.  For  all  the  samples  examined,  Ge  and  GaAs  are  the  better  low 
scatter  windows  over  the  entire  range  of  0. 

Samples  which  are  low  scatter  at  high  angle  are  not  necessarily  low 
scatter  near  specular.  Figure  6  presents  data  from  two  spherical  mirrors 
with  identical  dimensions  (10  cm  diameter  and  50  cm  focal  length).  The 
cheaper  of  these  mirrors  ($300)  was  purchased  off  the  shelf  from  a  large 
optical  supplier.  The  $1700  mirror  was  purchased  as  a  special  order  from 
a  vendor  using  a  proprietary  low  scatter  production  technique.  Although 
the  expensive  mirror  is  clearly  ’ ow  scatter  at  high  angles  (more  than  an 
order  better)  it  is  higher  scatter  in  the  .2  to  2  degree  region  near 
specular.  This  particular  case  was  unsettling,  since  the  re.uirement  for 
this  component  was  for  a  mirror  with  low  scatter  near  specular.  Although 
the  instrument  signature  is  not  shown  in  Figiire  6,  it  separates  from  both 
mirrors  well  below  .1^  from  speciilar. 
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Obvious  problems  exist  in  ordering  and  specifying  low  scatter  optics. 
It  is  difficult  for  manufacturers  to  respond  to  specifications  that  they 
cannot  measure,  and  it  has  not  always  been  clear  what  specif ication.s 
should  be  used.  Measurement  services  and  systems  are  now  available  to 
provide  near  specular  scatter  data.  The  use  of  a  iiODF  limit,  which 
measured  scatter  cannot  exceed,  can  solve  the  specif ication  issue.  For 
example,  the  specification  for  the  near  specular  mirror  could  have  been 
BRDF  not  to  exceed  10“^  sr“^  over  .3  to  1.0  degrees  from  specular  at  .633 
microns.  A  ring  laser  gyro  mirror  might  be  specified  as  BRDF  not  to 
exceed  10~®  sr~^  in  the  back  scatter  direction  of  -90  degrees  from 
specular.  The  values  of  required  BSDF,  in  critical  regions,  can  be 
generated  form  the  system  designers  requirements.  Such  a  specification 
system  makes  a  lot  more  sense  than  measuring  rms  roughness  (by  whatever 
means)  when  scattered  light  is  the  real  issue. 
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The  expensive  nlrror  uas  purchased 
for  its  lou  scatter  properties  but 
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BIDIRECTIONAL  OPTICAL  TRANSMISSION  SYSTEM  EXPERIMENT 

WITH  WDM  DEVICES 

R.  C.  Menendez,  K.  P.  Chung  and  T.R.  Using 

Bell  Communications  Research 
Morristown,  New  Jersey 


ABSTRACT 

Experimental  results  on  a  bidirectional  optical  communications  system  for 
economic  configurations  for  local  loops  are  presented.  The  transmission  rate 
through  a  single-mode  fiber  in  one  direction  is  140  M  bits/sec  and  much 
slower  in  the  opposite  direction.  Inexpensive  WDM  couplers  are  used  for 
multiplexing  and  demultiplexing  of  light  signals  from  LED  sources. 

Bit  error  rates  for  various  configurations  and  signal  levels  are  measured. 
Further,  impacts  of  reflections  and  near-end  cross  talk  on  the  transmission 
quality  are  reported. 


There  has  been  considerable  interest  recently  in  the  application  of  LEDs  with  single-mode  (SM) 
fiber  in  subscriber  distribution.  LEDs  offer  adequate  performance  and  cost  and  reliability 
advantages  over  laser  diodes.  Similarly,  there  is  interest  in  moving  from  two-fiber  transmission  to 
single-fiber  bidirectional  transmission,  where  the  primary  advantages  would  again  be  economic  and 
operational.  The  economic  advantage  of  eliminating  one  fiber  per  link  must  be  weighed  against  the 
added  cost  of  the  couplers  and  passible  reduced  performance  due  to  near-end  crosstalk  (NEXT). 
NEXT  occurs  when  a  portion  of  the  optical  signal  from  the  local  transmitter  is  reflected  from  some 
fiber  discontinuity  (e.g.,  a  connector)  and  this  undesired  echo  interferes  with  the  desired  signal 
from  the  remote  transmitter. 

Approaches  utilizing  one  wavelength  to  transmit  in  both  directions  and  directional  couplers  have 
been  described  and  analyzed  [1-3].  This  approach  introduces  a  minimum  of  6  dB  of  additional  loss 
in  the  link  (a  substantial  portion  of  the  LED/SM  loss  budget).  NEXT  problems  were  addressed  by 
using  fusion  splices  to  eliminate  backreflections  [1]  or  electrical  echo  cancellation  in  the  receiver  [2]. 
An  alternative  which  introduces  less  loss  and  mitigates  NEXT  is  transmitting  two  wavelengths  and 
relying  on  the  isolation  afforded  by  wavelength  division  multiplexer  (WDM)  devices.  Good 
performance  has  been  obtained  [4]  using  high-isolation  couplers  employing  dichroic  filters  that 
attenuate  the  echoed  signal  by  30  dB  or  more  before  it  reaches  the  receiver.  However,  the  expense 
of  these  high-quality  couplers  limits  their  applicability  in  loop  distribution.  Fused  biconical  taper 
(FBT)  WDM  directional  couplers  offer  a  potentially  attractive  compromise  between  these  two 
approaches;  relatively  low  excess  loss  and  cost  with  reduced  isolation.  Because  of  the  broad 
spectrum  associated  with  an  LED  source,  the  isolation  afforded  by  these  devices  can  be  only  10-15 
dB. 

The  goal  of  this  experiment  was  to  determine  the  power  penalty  (receiver  sensitivity  impairment) 
introduced  from  fixed  levels  of  backreflection  when  FBT  couplers  are  used  with  LED  transmitters. 
The  experimental  configuration  is  depicted  in  Figure  1.  A  140  Mb/s  NRZ  PRBS  signal  from  the 
remote  transmitter  is  preferentially  directed  to  an  APD  receiver  by  a  1.3/1. 5  WDM-FBT  coupler 
and  passed  to  a  BER  test  set  for  performance  monitoring.  The  interfering  source  (LED2,  a  1.3  fim 
source)  was  modulated  by  a  140  Mb/s  square-wave  generator.  NEXT  is  significant  here  because 
the  interfering  source  launches  roughly  10  dB  more  power  than  the  desired  source.  The 
interference  signal  was  coupled  to  the  trunk  by  the  FBT  coupler,  and  a  portion  of  this  signal  was 
reflected  back  toward  the  coupler  by  a  variable  backreflector  (VBR).  The  contributions  of  other 
sources  of  reflection  were  small.  The  optical  power  of  the  desired  signal  and  interfering  signal  at 
the  receiver  are  independently  adjustable  by  the  optical  attenuator  and  VBR,  respectively.  The 
VBR  monitor  port  taps  off  a  fraction  of  the  two  signals  propagating  toward  the  receiver,  and  a 
high-isolation  WDM  coupler  was  used  to  split  the  two  wavelengths  for  measurement  of  the  two 
optical  power  levels. 

Figure  2  shows  the  BER  performance  versus  the  received  optical  power  level  of  the  desired  signal 
for  five  different  values  of  the  reflection  coefficient  of  the  VBR.  Curve  A  corresponds  to  the  case  of 
no  reflected  power.  Curves  B-E  refer  to  reflected  power  levels  of  -34.6,  -32.6,  -20.6,  and  -28.6  dBm, 
which  correspond  to  reflection  coefficients  of  -12.9,  -10.9,  -7.9,  and  -6.9  dB  (  5,  8,  16,  and  20  %), 
respectively.  For  this  worst-case  configuration  of  sources,  these  curves  indicate  that  the  reflection 
penalty  at  a  BER  of  10  is  about  1.0  dB  for  a  reflection  of  -7.9  db  (18  %).  Well-designed 
connectors  provide  a  reflection  of  -20  dB  or  less,  but  in  the  worst  case,  the  power  reflection  arising 
from  an  air  gap  at  a  connector  can  be  as  high  as  -8.7  dB  (20%)  [5]  although  a  more  typical 
maximum  is  -8  dB  (16%).  These  results  indicate  that  despite  the  modest  isolation  introduced  by 
the  broad  LEiD  spectra,  this  class  of  WDM  couplers  is  adequate  to  maintain  small  reflection 
penalties  (<  1  dB)  for  even  a  worst-case  reflection. 
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Figure  1.  The  experimental  configuration  showing  the  fused  biconical  taper  (FBT)  coupler,  the 
variable  backreflector  (VBR),  and  the  power  monitoring  arrangement. 

Figure  2.  Experimental  bit-error  rate  versus  received  optical  power  curves  for  a  range  of  reflection 
coefficients. 
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Abstract 


The  classical  model  for  the  origin  of  non-linear  optical  properties  is  described  as  a 
basis  for  understanding  the  onset  of  coherent  backscatter .  A  method  utilized  for 
increasing  the  coherent  backscatter  in  novel  fiber  applications  is  discussed  from  a 
practical  and  theoretical  point  of  view.  Experimental  data  on  the  control  of  coherent 
non-linear  backscatter  in  a  fiber  optic  system  is  presented,  along  with  a  measurement  of 
the  Stokes  frequency  at  1.32  microns  wavelength. 
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Introduction 


Forward  and  backward  scattering  of  light  is  fundamental  to  the  process  of  light 
propagation.  Both  types  of  scattering  are  intimately  related  as  evidenced  by  the  Ewald- 
Oseen  Extinction  Theorem,  which  gives  insight  into  the  well  known  forward  propagation 
direction  of  light  in  a  medium  (1).  However,  in  certain  applications  the  backward 
scattering  can  grow  due  to  a  coherent  interaction  of  the  light  with  the  medium,  resulting 
in  a  non-linear  build  up  of  backward  scattered  light  (2). 

The  performance  of  the  current  generations  of  long  haul  optical  systems  is  not  impeded 
by  the  non-linear  interaction  between  the  optical  field  and  the  waveguide  material, 
because  of  the  low  power  density  and  broad  spectral  distribution.  Future  systems, 
however,  are  expected  to  use  sources  with  both  high  power  levels  (20-50  mw)  and 
narrow  spectral  distribution.  These  two  features  will  become  important  in  coherent 
optical  systems  where  spectral  widths  in  the  megahertz  range  are  required  to  obtain  the 
high  performance  expected  (3).  Data  on  the  non-linear  backscatter  (Brillouin  scatter)  due 
to  lattice  vibration  excited  by  a  coherent  Nd:YAG  laser  beam  at  1.3  microns  wavelength  is 
presented.  An  intergrated  LiNb03  optical  modulator  allows  the  coherent  backscatter 
to  be  controlled  (4). 

Coherent  backscatter  can  reach  nearly  100%  in  the  case  of  distributed  fiber  gratings. 
However,  the  mechanism  of  light  induced  refractive  index  change  is  not  clear  from  the 
published  work.  A  description  of  the  origin  of  optical  effects  in  fiber  must  be 
generalised  in  order  to  account  for  coherent  backscatter  and,  if  possible,  photo¬ 
refraction. 


The  classical  model  and  coherent  backscatter 

According  to  classical  theory,  light  scattering  arises  from  oscillations  in  charge  and 
current  distributions  in  matter  induced  by  the  incident  electromagnetic  wave.  The 
precise  picture  for  the  interaction  of  light  with  a  medium  requires  the  language  of 
quantum  mechanical  perturbation  theory  (5).  However,  the  essential  physics  of  optical 
phenomenon  including  non-linear  effects  can  be  qualitatively  understood  on  the  basis  of 
the  simple  classical  model.  Here  a  dynamic  system  consisting  of  charge  located  in  a 
potential  energy  binding  curve  is  used.  In  the  case  of  a  crystal  lattice  the  curvature 
of  the  energy  curve  is  directly  related  to  the  elastic  constants.  Its  magnitude  is  a 
function  of  the  total  energy.  Similarly,  since  the  elastic  behaviour  of  electrons  governs 
the  dispersion  of  the  scattered  light,  i.e.  its  amplitude  and  phase,  the  bonding  of  the 
electrons  affects  optical  properties.  The  propagation  behavour  of  light  in  a  medium  is 
usually  described  using  the  phenomenological  constant  called  the  susceptibility.  However 
the  microscopic  origin  of  susceptibility  is  revealed  under  conditions  where  the  structure 
of  the  medium  impresses  its  own  dynamics  on  the  optical  process.  This  is  the  case  with 
stimulated  Brillouin  scattering.  Here  the  build  up  of  backscatter  starts  with  the  random 
occurrence  of  lattice  vibrations  (phonons)  which  fall  within  the  frequency  range  of  the 
coherent  source.  This  sets  up  a  travelling  wave  interaction  which  results  in  the 
increased  backscatter ing .  Because  the  phonon  is  travelling  at  the  velocity  of  sound  the 
scattered  wave  is  down  shifted  in  frequency.  This  down  shifted  wave  is  known  as 
the  Stokes  wave.  The  amount  of  frequen~y  shift  is  proportional  to  the  sound  velocity  of 
the  appropriate  propagating  stress  wave  and  therefore  contains  information  about  the 
elastic  constant  and  structural  origin  of  the  scattering  process. 

In  a  waveguide  the  existence  of  core  and  cladding  material  boundary  can  produce 
frequency  components  which  can  be  interpreted  on  the  basis  of  the  material  composition. 
Like  the  elasticity,  the  acoustic  velocity  is  a  function  of  the  total  energy  of  the 
system.  It  is  interesting  to  speculate  on  the  possibility  of  producing  structural 
transitions  within  a  fiber  core  analogous  to  order/disorder  transitions  found  in  single 
crystals( 7 ) . 

As  the  forward  and  backward  optical  waves  mix  via  the  non-linear  susceptibility,  the 
excitation  of  pho..ons  at  the  difference  frequency  causes  an  exponential  gain  of  light 
propagating  in  the  backward  direction.  This  latter  feature  follows  from  the  wave-vector 
matching  condition.  However,  the  phonons  have  a  finite  lifetime  due  to  viscous  damping.  It 
follows  that,  if  the  laser  field  is  to  build  up  a  strong  acoustic  wave, the  coherence 
time  for  the  laser  must  be  longer  than  the  phonon  lifetime;  alternatively,  the  bandwidth 
of  the  laser  line  must  be  less  than  the  spontaneous  bandwidth  of  the  phonons.  At  a 
wavelength  of  1.3  microns  this  is  23  MHz,  and  implies  that  the  laser  must  operate  on  a 
single  longitudinal  mode.  On  the  other  hand,  if  the  phase  of  the  laser  is  interrupted  the 
acoustic  wave  is  unable  to  build  up.  Thus  modulating  the  phase  of  the  laser  provides  a 
method  for  contolling  the  build  up  of  the  backscattered  wave  (8). 
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Fiber  Gratings 


Laser  coherence  time  is  also  important  in  the  fabrication  process  of  fiber  gratings. 

It  is  known  that  certain  types  of  fiber  can  exhibit  light  induced  changes  in  their 
optical  properties ( 9 ) .  In  particular,  the  photo-induced  refractive  index  modulation 
results  in  an  increased  amount  of  backref lected  light.  A  r-ssonant  filter  with  an  extremely 
small  bandwidth  (200  MHz)  is  therefore  'fabricated'  by  the  presence  of  the  optical  field. 
In  practice  the  filter  typically  consists  of  a  1-m  strand  of  Ge-doped-core  fused-silica 
clad  fiber  with  a  NA  =  0.2  and  core  diameter  2  micrometers.  To  condition  the  fiber  to 
provide  strong  backref lection  at  a  given  wavelength  (usually  one  of  the  lines  from 
the  argon  ion  laser)  it  is  first  exposed  for  about  a  minute  to  coherent  contradirectional 
beams,  until  a  periodic  structure  is  formed  in  the  core;  the  periodic  structure  results  in 
an  increase  in  backref lection  of  the  fibre  to  a  value  many  times  that  of  the  Fresnel 
reflection  (4%)  from  the  input  face  of  the  fiber. 

The  increased  backref lection  can  be  thought  of  as  a  special  case  of  Brillouin 
scattering  where  the  phase  velocity  is  zero.  As  in  the  case  of  Brillouin  scattering,  the 
periodic  dielectric  perturbation  is  related  to  the  wavelength  of  the  light  inducing  the 
perturbation.  By  contrast  to  photo-elastic  coupling,  however,  photo-induced  refractive 
index  perturbations  are  after  a  time  rendered  permanent.  A  clue  to  the  origin 
of  this  effect  might  be  inferred  from  the  Hellman-Feynman  Theorem  (10)  where  it  is  shown 
that  the  dynamic  properties  of  the  electrons,  determined  by  quantum  mechanics,  are 
mirrored  in  the  electrostatics  which  govern  the  forces  on  the  nuclei  in  the  solid.  Thus 
electronic  processes,  including  laser  field  modified  processes,  in  theory  ,  'write'  on  the 
structure  of  the  solid.  However,  a  'rachet'  effect  would  have  to  be  postulated  in  order  to 
account  for  the  permanent  nature  of  the  structural  change.  It  is  not  yet  known  how  such  a 
rachet  effect  might  proceed  but  it  seems  likely  that  Quantum  Size  Effects  (QSEs)  may  offer 
insight  into  photo  -refractive  mechanisms  involving  photons  in  the  range  1-2  eV  (11). 


Suppression  of  Stimulated  Brillouin  Scattering  using  phase  modulation 

Experimental  work  was  carried  out  using  a  NdtYAG  solid  state  laser  (Quantronix  114)  set 
up  as  described  by  Cotter  (12)  and  operating  in  a  single  longitudinal  mode  at  1.32 
microns.  The  laser  output  was  approximately  320  mW,  but,  owing  to  losses  in  launching, 
modulator  and  coupler,  the  power  available  for  launching  into  the  test  fibre  (L  =  12900m, 
0.47db/km)  was  approximately  30  mW.  The  modulator  (constructed  by  M. Grant  at  STL, 

England)  was  a  LiNb03  integrated  optics  device  with  an  insertion  loss  of  6dB,  500MHZ 
bandwidth.  For  the  work  reported  biphase  (0  and  180  deg.)  modulation  was  used.  The 
details  of  the  experimental  configuration  are  shown  in  Fig.  1.  The  laser  linewidth  was 
measured  using  a  scanning  Fabry-Perot  interferometer  and  found  to  be  3MHZ.  On  the  basis 
of  this  measurement  Pcrit  =  11.75  mW  for  Lorentzian  spectral  densities  at  1.3  microns;  in 
reasonable  agreement  with  the  measured  threshold.  Fig.  2  shows  the  spectrum  of  the 
backscattered  measurement  along  with  the  effect  of  the  phase  modulation.  The  modulating 
signal  consisted  140  Mbit/s  data  sequences,  which  is  an  important  rate  for  the  trunk 
network  and  the  corresponding  bit  interval  was  less  than  the  phonon  lifetime.  The  control 
of  the  onset  of  the  effect  is  clearly  demonstrated.  For  the  dynamic  range  of  the 
experimental  work  there  was  a  linear  relationship  between  input  and  output  indicating  the 
suppression  of  the  Stokes  backscatter.  It  is  noted  that  the  Stokes'  frequency  off-set 
is  approximately  12  GHz. 

Within  the  envelope  of  the  Stokes  spectrum,  the  intensity  of  the  signal  is  modulated. 
This  seems  to  indicate  that  the  build-up  of  stimulated  light  is  occurring  in  bursts. 
Temporal  structure  on  the  laser  output,  due  to  relaxation  oscillations,  accounts  for  this. 
The  period  of  the  oscillations  is  found  to  be  long  enough  for  the  Stokes  wave  to  build  up. 
Active  stabilisation  of  the  laser  has  been  achieved  with  an  intra-cavity  acousto-optic 
modulator,  however,  the  population  of  the  resultant  cavity  precluded  the  requisite 
elements  for  simultaneously  single  moding  it. 
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Fig.  2  Spectrum  of  backscatter 
along  with  spectrum  with  phase 
modulation  turned  on. 

The  effect  of  different  phase 
formats  is  shown  opposite. 


Output  power  (mW) 


Fig.  3  The  far  end  of  a  single  mode  fiber  after  heating  by  self-absorption 
initiated  by  contact  with  carbonaceous  material:  Propagating 
power  was  about  IW. 


Fiber  nonlinearity  due  to  damage 

In  general,  fiber  based  experiments  allow  the  trade-off  between  laser  power  and 
interaction  length.  Thus  the  comparatively  low  CW  threshold  power  required  to  induce 
coherent  backscatter  is  partly  due  to  the  long  interaction  length  down  the  fiber.  This 
would  suggest  that  power  induced  effects  like  self-focussing  are  less  likely  in  fiber  and 
the  interaction  is  rather  well  defined.  However,  under  CW  conditions,  the  intensity  of  the 
light  propagating  in  the  fiber  core  may  cause  a  catastrophic  drop  in  the  transmitted  light 
due  to  as  yet  unknown  form  of  damage  mechanism.  In  particular  cases,  the  far  end  of  the 
fiber  becomes  highly  absorbing  and  reaches  incandescent  temperatures.  Provided  an 
initiation  effect  takes  place,  classical  inverse-bremsstralung  may  explain  this  phenomenon. 


Conclusions 


Coherent  backscatter  has  been  described  in  terms  of  its  classical  origin.  Techniques 
for  its  control  have  been  discussed  and  the  opportunities  that  exist  for  studying  light 
matter  interaction  have  also  been  indicated.  It  is  clear  that  laser  technology  is 
progressing  along  with  fiber  optics  to  the  point  where  new  ways  of  studying  non-linearity 
are  available.  Apart  from  the  transmission  of  data,  fiber  might  provide  an  environment  for 
light  matter  interaction  studies.  An  understanding  of  coherent  backscatter  promises  to 
offer  improved  system  performance  for  applications  such  as  distributed  sensors  for  safe 
industrial  metrology.  Coherent  Linear,  who  manufacture  a  versatile  distance  measuring 
interferometer,  are  presently  developing  prototypes  which  exploit  these  new  opportunities. 


I  am  very  pleased  to  acknowledge  the  directors  of  Coherent  Linear  U.K.,  for  permission 
to  present  this  paper.  Coherent  Linear  is  a  subsidiary  of  Coherent's  Component  Group 
(USA) . 
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Suirnna  ry 

The  realisation  of  short  high  speed  optical  links  for  Telecommunications  applications 
imposes  considerable  demands  on  the  electro-optic  devices.  This  paper  examines  the  system 
requirements  based  upon  LED/Laser  transmitters  and  PIN/APD  receivers  in  particular 
highlighting  targets  for  future  device  development. 

1  Introduction 


Optical  fibre  is  continuing  to  penetrate  all  areas  of  the  Telecommunications  network  and 
is  currently  being  studied  as  a:i  alternative  to  coaxial  cable  for  installation  within 
buildings  ( 1,2,31 .  The  use  of  optical  fibre  as  a  transmission  medium  over  short  lengths, 

(<  IKm) ,  presents  a  number  of  areas  for  consideration; 

a)  System  economics, 

b)  Network  architecture, 

c)  Device  requirements. 

To  allow  interconnection  of  the  in-building  networks  to  inter-city  and  local  loop 
networks  the  system  must  be  capable  of  operating  over  a  wide  range  of  data  rates,  upto 
Gbit/s.  This  imposes  a  large  variation  in  performance  requirements  for  the  transmitter  and 
receiver  devices. 

This  paper  examines  the  requirements  for  high  speed  short  haul  optical  links  and  considers 
the  suitability  of  currently  available  optical  devices  for  this  application. 

2  Interconnection  System  Requirements 

In-building  networks  will  have  varying  requirements  specific  to  their  function,  however 
it  is  possible  to  produce  a  set  of  network  independant  requirements  pertinent  to  the 
electro-optic  devices. 

Table  1:  System  Requirements 


Parameter 

r—— 

Value 

Comments 

Data  Rate 

upto  Gbit/s 

The  current  trend  In  optical  communications 
towards  high  speed  systems  indicates  the 
need  for  in-building  systems  to  be  capable 
of  interconnecting  with  Gbit/s  sytems . 

Length 

upto  IKm 

In-buildlng  links  will  typically  be  hundreds 
of  metres  in  length,  however  to  allow  for 
inter-building  connections  systems  will  be 
designed  to  operate  over  IKm. 

Device 

Size 

small 

Small  devices  reduce  costs  and  ease 

installation. 

Cost 

low 

A  low  cost  is  required  to  ensure  optical 
interconnections  are  a  viable  alternative  to 
coaxial  cable  even  at  low  data  rates. 

A  single  solution  for  all  architectures  and  interconnections  is  desirable  since  the 
benefits  of  a  single  system  can  be  realised; 

*  Lower  cost 

*  Ease  of  interconnection 

*  Ease  of  maintcnancc/replacemont 

*  Ease  of  network  reconfiguration 
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However,  because  of  the  wide  range  of  data  rates  a  single  system  will  result  in  an 
"over-engineered"  system  operating  at  low  data  rates  (e.g.  2Mbit/s).  Therefore  it  may 
prove  cost  effective  to  consider  more  than  one  solution  according  to  the  data  rate. 

An  optical  interconnect  consists  of  three  parts;  the  transmitter,  the  receiver  and  the 
fibre,  each  part  has  a  variety  of  options  and  can  be  investigated  separately.  However,  it 
is  necessary  to  retain  an  overall  view  of  the  system  as  it  may  be  possible  to  offset  one 
part  against  another.  For  example  a  highly  sensitive  receiver  would  not  be  used  with  a 
high  launch  power  transmitter. 


3  The  Transmitter 


Electro-optic  device  requirements  for  the  transmitter  as  dictated  by  the  general 
requirements  of  the  system  are  presented  below; 

i)  The  transmitter  must  be  capable  of  modulation  at  data  rates  upto  Gbit/s. 

ii)  Launch  power  is  not  critical  due  to  short  operating  distances. 

iii)  The  transmitter  should  be  small  with  a  low  parts  count  to  achieve  low  cost. 

There  are  three  possible  options  for  the  design  of  the  transmitter ;  Datalink  modules, 
LEDs  and  Lasers.  The  relative  merits  of  each  are  discussed  in  the  following  sub-sections. 

3.1  Datalink  Modules 


Commercially  available 
package  housing  the  drive 
requiring  a  power  supply, 
are  presented  in  Table  2. 


datalink  modules  consist  of  a  small,  (3  x  2  x  1.5cm)  dual-in-line 
electronics  and  optical  device,  (transmitter  or  receiver), 
data  in/out  and  fibre  connections.  Typical  datalink  parameters 


Table  2:  General  Datalink  Parameters 


Module 

— 

Input 

Output 

Internal 

Retiming 

Source/ 

Detector 

Maximum 

Race 

Mbit/s 

Transmitter 

Binary 

electrical 

Binary 

optical 

N/A 

LED 

Receiver 

Binary 

optical 

- 

Binary 

electrical 

Available 

at 

<  50Mb it/s 

PIN 

_ 1 

_ 1 

*mm  -  multimode 
sm  -  singlemode 

The  main  drawbacks  with  datalinks  are;  limited  speed  of  operation,  clock  recovery  is  not 
widely  available  and  multimode  fibre  must  be  used  with  over  901  of  devices. 

3 . 2  LEDs 

Currently  there  are  two  types  of  LED  available;  Edge-emitting  diodes  (ELEOs)  and 
surface-emitting  diodes  (SLEDs) . 

ELEDs  can  be  divided  into  two  sub-groups;  the  low  current  devices  and  the  super luminescent 
diodes,  (SELEDs)  I  41  .  SELEDs  are  high  power  devices  capable  of  coupling  160uw  (-8dBm)  into 
singlemode  fibre,  (power  coupled  into  multimode  fibre  would  typically  be  10-15dB  greater). 
They  need  drive  currents  in  excess  of  100mA  and  require  some  form  of  temperature  control  to 
stabilise  the  power  output,  which  can  vary  by  upto  ldB/10°C.  As  a  result  of  such  large 
drive  currents  SELEDs  have  a  shorter  lifetime  than  would  normally  be  expected  for  LEDs, 
device  lifetime  decreases  approximately  as  the  square  of  the  operating  current  density  I  4! . 
Low  current  ELEDs  typically  couple  6 i,w  (-22dBm)  into  singlemode  fibre,  while  SLEDs  typically 
couple  1.5i,w  (-28dBm)  into  sin^lemode  fibre.  Both  low  current  ELEDs  and  SLEDs  can  operate 
over  the  temperature  range  -40  C  to  +85" C  without  cooling  or  power  output  stabilisation 
circuitry,  thus  making  the  associated  electronics  both  simple  and  inexpensive. 

3.2.1  Improving  LED  performance 

LEDs  typically  operate  upto  280Mbit/s  although  system  operating  at  speeds  upto  IGbit/s 
have  been  reported  in  the  laboratory  I  5] .  These  devices  are  specially  fabricated  for  higher 
speed  and  are  heavily  zinc  doped  to  reduce  minority  carrier  lifetime,  however  they  are  not 
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currently  cominercially  available.  Special  drive  circuits  using  techniques  sucli  as  "current 
peaking"  and  equalisation  can  be  used  to  improve  LED  performance  to  data  rates  of  upto 
565Mbit/s  I  61 .  High  speed  integrated  LED  drives  are  nov;  becoming  available  whi'h  are 
capable  of  providing  a  IGbit/s  drive  signal. 

3 . 3  Lasers 

Semiconductor  lasers  can  currently  be  grouped  under  two  headings; 

*  Low  cost  -  designed  for  inter-office  and  local  loop  applications, 

*  Long  span  -  designed  for  high  launch  power  and  high  speed. 

Low  cost  lasers  are  achievable  by  one  of  two  methods;  either  a  low  cost  package  is  used, 
such  as  a  receptacle  type  with  no  thermoelectric  cooler  or  the  laser  is  designed/selected 
for  a  low  power  output  [7| .  Lasers  in  these  packages  are  capable  of  modulation  at  very 
high  bit  rates,  in  excess  of  IGbit/s,  with  typical  power  launched  into  singlemode  fibre  of 
100’..w  (-lOdBm)  . 

Conventional  high  performance  1300nm  lasers  are  available  for  operation  upto  1 . 7Gbit/s 
and  specially  packaged  lasers  can  be  obtained  capable  of  modulation  at  2.4Gbit/s.  Drive 
circuits  for  these  very  high  data  rates  are  currently  being  developed. 

4  The  Receiver 


The  basic  requirements  of  a  receiver  as  dictated  by  the  general  system  reouireme’^ts  arc 
give  below: - 

i)  Link  lengths  will  be  less  than  IKm  therefore  a  high  receiver  sensitivity  is  not 
required . 

ii)  A  wide  dynamic  range  is  important  to  allow  for  variations  in  path  loss  and  launch 
powers . 

iii)  Devices  must  be  capable  of  operation  at  data  rates  up  to  Gbit/s. 

iv)  A  low  parts  count  is  desirable  to  keep  costs  down  achieve  high  reliability  and  small 
size . 

The  receiver  front  end  can  be  configured  in  one  of  three  ways:-  (i)  High  impedance 
(ii)  Low  impedance  (iii)  Transimpedance.  Comparisons  of  front  end  noise  performance, 
equalisation  circuitry  and  dynamic  range  is  shown  in  table  3.  Both  APDs  and  PINs  are 
available  for  operation  upto  2.4Gbit/s. 

Table  3:  Comparison  of  Receiver  Front  Ends 


Front  End 

Noise  performance 
PIN  APD 

Equalisation 

required 

Typical 

dynamic 

ranee* 

High  Impedance 

Very  Very 

good  good 

Yes 

-20dB 

Low  impedance 

Poor  Good 

No 

-20dB 

Trans  impedance 

Good  Very 

good 

No 

>20dB 

*  Dynamic  range  figures  are  dependant  upon  characteristics  of  individual  receivers  and  the 
type  of  line  code  used. 

A  comparison  of  PINs  and  APDs  is  presented  in  Table  4  below. 

Table  4:  Comparison  of  PINs  and  APDs 


Associated 

Circuitry 

APD 

PIN 

Large  reverse  bias  voltages 

(>  AOV)  required  for  avalanche 
breakdown.  Hence  the  need  for 
dc-dc  converters. 

Temperature  control. 

Single  power  supply. 

Hybrid  modules  are 
available  that  contain 
front  end  amplifiers. 

No  temperature  control . 

Noise 

Good  with  all  types  of 

Good  except  with  a  low 

Performance 

front  end 

impedance  front  end. 

Tables  3  and  4  indicate  that  the  PIN  transimpedance  receiver  is  the  optimum  solution  for 
an  in  building  optical  interconnect  since  it  offers  a  wide  dynamic  range  (^OdB)  coupled 
with  simple  control  and  bias  circuits. 

5  Fibre  and  Wavelength 

Four  fibre  types  can  be  considered  for  this  application  and  a  review  of  their  properties 
is  given  below. 

Multimode  Step  Index  -  This  fibre  is  modal  dispersion  limited  and  has  a  typical  bandwidth 
of  6-25MHz.Km. 

Multimode  Graded  Index  -  Large  bandwidth  typically  IGHz.Km.  Operation  at  850nm  using 
LEDs  is  not  viable  at  140Mbit/s  due  to  chromatic  dispersion.  Large  spectral  widths  of 
LEDs,  typically  ISOnm  results  in  a  pulse  broadening  of  7ns  over  500m,  while  at  1300nm 
the  pulse  broadening  would  be  =  0.3ns.  Coupled  power  levels  >  -lOdBm  are  possible  due  to 
the  large  core  size,  (>50i;m). 

Singlemode  -  Very  large  bandwidth,  no  dispersion  at  1300nm  over  the  required  distances. 
Low  power  coupled  into  fibre  by  LEDs,  (typically  <  -20dBm) ,  due  to  small  core  size,  {  '  9i.m). 

Plastic  Fibre  -  Attenuation  is  typically  800dB/Km  making  it  unsuitable  for  this 
application . 


6  Summary  of  Poss i bT «  Systems 

In  the  near  future  the  majority  of  in-building  interconnections  will  operate  at  data 
rates  between  2Mbit/s  and  280Mbit/s,  this  is  based  on  the  current  British  Telecom  hierachy 
and  a  1B2B  line  code  which  is  currently  considered  suitable  for  in-building  systems  I  3,8] . 
Therefore  it  would  be  more  cost  effective  to  design  two  systems; 

a)  Designed  for  operation  upto  280Mbit/s  using  low  cost  devices  that  will  meet  the 
requirements  of  the  majority  of  in-building  links. 

b)  Designed  for  operation  in  the  Gbit/s  range  to  ensure  total  coverage  of  all  in-building 
links . 

However,  if  requirements  indicate  that  a  significant  number  of  interconnections  operate 
at  2Mbit/s,  it  would  be  possible  to  design  a  third  system  to  meet  this  requirement  using 
extremely  cheap  devices,  e.g  $5  LEDs,  thereby  reducing  interconnection  costs  further. 

Possible  system  specifications  are  presented  in  table  5. 

Table  5:  System  Component  Breakdown 


_ Laj _ 

(b) 

rransmicter 

Low  cost  laser/LEDf 

High  speed  laser 

3ata  Rate 

280Mbit/s 

upto  Gbit/s 

Launch  Power 

-10dBm/-20dBm 

-3dBm 

Fibre 

singlemode 

singlemode 

Receiver 

PIN  trans impedance 

PIN  trans impedance 

Sensitivity 

-32dBm 

-24dBm* 

dynamic  Pange 

>20dB 

>20dB 

+  Low  cost  lasers  are  now  comparable  in  price  to  LEDs  designed  for  high  speed  operation. 

*  This  is  an  estimated  sensitivity. 

7  Conclusions  and  Future  Requirements 

Short  high  speed  optical  links  can  readily  be  implemented  using  existing  electro-optic 
devices.  However,  in  order  to  achieve  cost  effective  in-building  networks  it  is  necessary 
for  two,  or  more,  systems  to  be  designed  according  to  the  data  rate  requirements. 

The  transmitter  and  receiver  for  both  systems  require  the  use  of  discrete  components  and 
it  is  at  this  level  that  developments  can  be  made  in  future  devices.  Advances  in  hybrid 
transmitters  and  receivers  have  resulted  in  modular  devices  such  as  datalinks  becoming 
available,  however  fully  integrated  chips  for  transceivers  are  desirable.  Such  chips  would 
incorporate  the  laser  and  it's  associated  drive  circuitry  and  the  receiver  together  with 
it's  front  end  amplifier.  The  integrated  circuit  could  be  housed  in  a  small  package 
requiring  optical  and  electrical  inputs/outputs  and  the  necessary  power  junnlios,  givl.ig 
ease  of  installation  and  operation,  ro.^--.r.,:.d  si;...-  anti  ^cst  auu  improved  reliability. 
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Summa^’ 


This  paper  describes  the  characterisation  of  four  low  cost  1300  nm  semiconductor  laser 
designs  developed  for  interoffice  telecommunication  applications.  Measured  electrical  and 
optical  parameters  are  compared  to  the  required  performance  specification  both  before  and 
after  2000  hrs  of  life  test.  Two  of  the  designs  were  found  to  suffer  from  gross  failure 
mechanisms,  whilst  two  met  the  specification  in  all  respects. 

1  Introduction 


Semiconductor  laser  technology  now  provides  a  standard  range  of  products  for  a  wide 
variety  of  applications,  from  devices  used  in  compact  disk  players  (=*  800  nm  wavelength), 
to  very  reliable  components  for  undersea  optical  systems  with  20  year  lifetimes  [  1)  .  In 
parallel  with  advances  in  semiconductor  lasers,  improvements  in  optical  fibre  over  the  last 
decade  have  resulted  in  many  telecom  companies  operating  large  optical  fibre  long-line 
networks.  It  is  also  recognised  that  optical  fibre  transmission  can  compete  with  alternative 
solutions  in  the  Interoffice  and  local  loop  environments  provided  that  the  cost  of  the 
electro-optics  and  fibre  is  economic  I  2]  .  Due  to  the  short  distances  of  interoffice  links 
(<  30  km),  there  is  an  ability  to  relax  the  transmitter  and  receiver  device  specification, 
enabling  a  simplification  of  device  design.  By  considering  the  packages  and  production 
processes  of  1300  nm  lasers  it  is  possible  to  identify  areas  where  a  relaxed  specification 
will  produce  a  cost  reduction.  As  an  example,  a  reduction  in  fibre  pigtail  output  power 
from  -3  dBm  to  -10  dBm  (for  a  given  drive  current)  allows  for  ease  of  fibre-laser  alignment. 

This  paper  describes  a  specification  for  low  cost  1300  nm  lasers,  followed  by  a 
description  of  four  packages  designed  to  meet  the  specification.  Tests  results  are 
presented  on  a  batch  of  each  design,  including  electro-optic  performance  and  measurements 
from  a  2000  hr  life  test. 


2  Specification 

The  low  cost  1300  nm  laser  specification  is  shown  in  table  1  below,  it  can  be  seen  that 
six  parameters  are  specified,  together  with  three  other  requirements. 


PARAMETER 

SYMBOL 

RATING 

— 

UNITS 

OPERATING  TEMPERATURE 

Tc 

-5  to  65 

'C 

FIBRE  OUTPUT  POWER 

Pf 

>  0.1 

mW 

RISE  TIME 

tr 

<  3 

nS 

FALL  TIME 

tf 

<  3 

nS 

WAVELENGTH 

ip 

1270  to  1330 

nm 

RELIABILITY  @  65  »C 

MTTF 

>  10^ 

hours 

MONOMODE  FIBRE  (9/125|im)  PIGTAIL 

INTEGRAL  REAR-FACET  MONITOR  PHOTODIODE 

COST  TARGET  <  US  $450 

table  1  aRtCJFltAlJUN 

The  operating  temperature  is  specified  for  an  equipment  rack  inside  a  building,  this 
coupled  with  the  low  output  power  requirement  leads  to  a  package  design  which  does  not 
require  thermoelectric  cooling.  Rise  and  fall  times  give  a  maximum  bit  rate  >  160  Mbit/s 
to  encompass  both  European  and  North  American  standard  digital  line  rates,  below  160  Mbit/s. 
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Four  designs  were  evaluated  as  shown  in  Fig  1  (a-d) . 


Three  included  a  lens  to  focus  the  laser  output  into  the  fibre  core,  which  was 

terminated  in  an  FC  connector  end  while  the  other  design  uses  a  lensed  fibre  held  by  a 

welded  strap. 

The  cylinder  designs  employ  hermetically  sealed  sub-modules  which  housed  the  laser  -^nd 
photodetector.  A  mixture  of  soft  solder  and  spot  welding  was  used  to  position  the  submodule 
with  respect  to  the  cylinder,  design  type  C  also  contains  three  grub  screws  to  hold  the  rod 
lens  and  FC  connector  end. 

Dual  in  line  type  A  consists  of  a  6  pin  package  containing  electro-optic  components 
together  with  a  rod  lens,  held  by  epoxy  to  the  fibre  mounting.  Type  B  used  an  integral 

package  design  containing  all  the  elements  for  alignment  and  fixing. 

A  summary  description  is  given  in  table  2  below. 


DESIGN 

LASER  TECHNOLOGY 

PACKAGE  TYPE 

A 

BURIED  HETEROSTRUCTURE  (BH) 

DUAL  IN  LINE 

B 

DOUBLE  CHANNEL  -  PLANAR 

BURIED  HETEROSTRUCTURE  (DC-PBH) 

DUAL  IN  LINE 

C 

BURIED  CRESCENT  (BC) 

CYLINDRICAL 

D 

BURIED  HETEROSTRUCrURE  (BH) 

CYLINDRICAL 

TABLE  2  PACKAGE  DESIGN  SUMMARY 

4  Electro-optic  Performance 

A  series  of  electro-optic  measurements  were  carried  out  as  follows:- 
.  Light  current  characteristics 
.  Voltage  at  threshold 
.  Forward  resistance 
.  Rise  and  Fall  times 
.  Spectral  characteristics 

Fig  2  gives  examples  of  the  light  current  characteristics  which  show  the  differences  of 
slope  efficiency  and  temperature  performance  for  each  design.  The  overall  results  are 
summarised  in  table  3  below. 


DESIGN 

RISE/FALL 
TIMES  nS 

THRESHOLD 
CURRENT  mA 
AT  25  »C 

FIBRE  OUTPUT 

#xW 

EFFICIENCY 

mW/mA 

FORWARD 

RESISTANCE 

OHMS 

A 

<  1 

27 

232 

0.01 

4.6 

B 

<  1 

40 

154 

0.01 

5.6 

C 

<  1 

10 

563 

0.025 

7.0 

D 

<  1 

16 

446 

0.02 

5.0 

TABLE  3  TYPICAL  ELECTRO-OPTIC  RESULTS  SUMMARY 


Fig  j  shows  the  typical  variation  of  threshold  current  against  temperature  for  each 
design,  the  BC  device  has  the  lowest  threshold  (<  20  mA  at  60°C),  while  the  BH  types  lie  in 


the  range  30-40  mA  and  the  UC-PDH  is  the  highest  at  90  mA.  Although  threshold  current  was 
not  specified  the  effect  on  device  thermal  performance  has  to  be  taken  into  consideration 
and  therefore  a  high  threshold  current  is  undesirable. 

Fig  4  gives  examples  of  the  output  optical  spectra  under  C'V,’  conditions,  each  of  the 
designs  was  found  to  operate  within  the  specified  wavelength  range. 

5  Reliability  Evaluation 

The  objective  of  this  evaluation  was  to  identify  any  gross  failure  mechanisms  which  would 
occur  with  the  laser  or  package  design.  Samples  of  each  type  of  module  were  operated  under 
CW  conditions  with  a  fibre  output  power  cf  200uw,  this  value  was  maintained  during  the  tost 
by  adjusting  the  laser  bias  current  to  maintain  a  constant  photodetector  monitor  power. 

Failure  mechanisms  which  are  thermariy  accelerated  have  a  characteristic  activation 
energy  Ea  such  that  the  time  to  failure  't'  at  a  test  temperature  TK  is  given  by  tlio 
Arrhenius  equation 


ln(t)  =  A  +  ^ 


where  K  is  Boltzmanns  constant 
A  is  a  constant 

Due  to  the  relatively  low  maximum  package  operating  temperatures  it  was  only  possible  to 
carry  out  tests  at  one  temperature  65  C  (normally  activation  energies  are  deduced  from  two 
or  more  test  temperatures) .  In  addition  the  short  life  test  time  of  2000  hrs  only  allows 
gross  failure  mechanisms  to  be  deduced.  A  summary  of  the  results  is  shown  in  table  4  below. 


DESIGN 

SAMPLE 

SIZE 

CONDITIONS 

DURATION 

HOURS 

GROSS 

FAILURES 

COMMENTS 

A 

4 

200(£w;65  “C 

KXX) 

0 

None 

B 

3 

200(iw;65»C 

2000 

3 

Excessive  bias 

I 

150(iw:65«Ct 

24 

1 

current  increase 
due  to  laser 
degradations 

C 

4 

2004W:65oC 

2000 

3 

Fibre  coupling 
failure  and  laser 
degradations 

D 

4 

200mw:65  "C 

2000 

0 

None 

f  unable  to  obtain  200mW  output 


TABLE  4  SUMMARY  OF  RELIABILITY  RESULTS 


It  can  be  seen  from  table  4  that  one  device  in  design  group  B  failed  after  only  24  hrs 
while  the  other  three  also  suffered  gross  failures.  Group  C  also  had  three  failures,  due 
to  fibre  coupling  failure. 

Worst  case  lifetime  predictions  are  shown  in  fig  5,  where  the  "end  of  life"  is  defined 
by  a  506  Increase  in  laser  threshold  current.  As  indicated  in  fig  5  designs  B  and  C  show 
predicted  lifetimes  of  10^  and  10'*  hours  respectively  while  A  and  U  indicate  ^  10^  hours, 
(all  at  65°C  package  temperature). 

The  gross  failures  identified  in  design  type  B  were  found  to  be  due  to  laser  degradation 
in  the  DC-PBH  laser,  the  package  was  found  to  be  satisfactory  and  it  is  expected  that  a 
change  in  laser  structure  would  provide  a  suitable  design  solution.  Design  type  C  suffered 
gross  failures  in  the  fibre  coupling  mechanism,  this  could  be  attributed  to  movement  caused 
by  either  the  grub  screws,  soft  solder,  spot  welding  or  a  combined  effect. 
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6  Conclusions 


Four  designs  of  low  cost  1300  nm  semiconductor  lasers  have  been  evaluated,  these 
preliminary  investigations  indicate  that  two  of  the  designs  (B  and  C)  suffer  from  gross 
failures  associated  with  either  the  laser  chin  or  'ibre  coupling.  Two  package  designs  {A 
and  D)  were  found  to  meet  the  specification  in  every  respect.  It  is  therefore  concluded 
that  a  significant  cost  reduction  in  1300  nm  lasers  can  be  achieved,  whilst  still  meeting 
the  requirements  of  interoffice  and  local  loop  transmission  systems. 
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Abstract 

Self-focusing  damage  has  been  observed  at  optical  power  densities  of  3MW  cm“^  ^equivalent  to  ~  0.5  watt)  in 
single-mode  silica  optical  fibres.  This  thermally  driven  phenomenon  is  self-propelled  and  has  the  effect  of 
modifying  the  core  of  kilometer  lengths  of  fibre.  This  paper  reports  on  an  experimental  investigation  into  the 
nature  and  characteristics  of  the  damage  process  which  is  accompanied  by  a  blue-white  plasma-like  emission. 
Measurements  performed  on  three  different  types  of  optical  fibre  have  shown  that  the  process  is  energy-density 
dependent.  The  damage  results  in  the  formation  of  regular  cavities  in  the  core  of  the  waveguide,  with 
dimensions  of  the  order  of  a  few  wavelengths.  These  cavities  have  been  shown  to  contain  oxygen,  being  a 
chemical  by-product  of  the  damage.  Further  it  is  also  demonstrated  that  the  optical  attenuation  of  the  fibre 
increases  rapidly  above  1050  ‘C.  This  is  possibly  due  to  an  increase  in  conductivity  of  glass,  which  results  in  an 
increase  in  due  to  plasma  formation.  The  plasma-like  emission  has  a  small  temporal  modulation 
corresponding  to  the  formation  of  the  cavities.  Finally,  it  is  demonstrated  qualitatively  with  the  use  of  a  mode- 
locked  laser  that  the  temporal  response  of  this  thermally  induced  nonlinearity  is  in  the  sub -nanosecond  regime. 
This  damage  process  may  have  serious  consequences  for  wide  range  of  nonlinear -waveguiding  devices  and  other 
fibre-based  power  delivery  systems.  Other  materials  for  optical  devices  may  well  have  damage  power  thresholds 
in  the  milliwatt  region. 


Introduction 

The  high  damage  threshold  of  single-mode  silica  fibre  (>  10  GW  cm~®  1*1)  has  allowed  the  use  of  optical  fibres  for 
several  nonlinear  effects  such  as  Raman  amplification  1^1,  soliton  generation  1^1,  ultrafast  optical  gates  I®'  and 
second  harmonic  generation  The  first  experimental  observation  of  self-focusing  in  multimode  fibres  using 
high-peak  power  pico-second  pulses  has  been  reported,  but  no  damage  to  the  fibre  was  observed.  Small-scale 
filament  formation  in  dielectrics  due  to  electronic  self-trapping  I®'  and  self -focusing  damage  in  bulk  laser 
materials  '^1  is  well  known.  SelWocusing  effects  in  liquids  with  a  saturable  nonlinear  refractive  index  have  also 
been  studied  using  computer  simulations  Optical  damage  mechanisms  involve  stimulated  Brilluion  scattering 
or,  dielectric  breakdown  at  high  field  strengths  ^  using  Q-switched  and  mode-locked  lasers.  Damage  to 
optical  fibres  usually  occurs  at  the  launch  end,  where  there  is  a  finite  probablity  of  encountering  contamination 
which  then  absorbs  the  laser  energy  causing  the  end  to  melt,  or  through  intense  stimulated  scattering  processes 
the  end  fractures.  Optical  damage  of  fibres  is  of  great  concern  to  designers  of  power  delivery  systems  in 
medicine  and  industry,  and  of  high  bit-rate  non-linear  devices.  Power  delivery  systems,  too,  generally  suffer  end 
damage,  and  care  needs  to  be  taken  in  the  safe  design  and  operation  of  the  fibre  cables 

This  paper  presents  measurements  on  what  appears  to  be  a  new  damage  phenomenon  in  guided-wave  optics 
which  we  call  Self-Propelled  SelfT^ocusing  (SPSF)  the  observation  of  which  was  reported  recently  Optical 

power  of  about  1  watt  average  (10  MW  cm“^)  in  a  single  mode  silica  fibre  is  adequate  to  initiate  and  sustain  a 
damage  process  which  is  accompanied  by  intense  blue-white  plasma-like  emission  and  which  propagates  towards 
the  source  with  devasting  results  for  the  fibre.  More  recently,  this  type  of  damage  has  been  noted  in  fibres  using 
Q-switched  pulses  of  150  ns  at  a  repetition  rate  of  1  kHz  and  with  an  average  power  of  only  02  waits.  This 
process  may  have  similarities  to  the  degradation  effects  which  causes  catastrophic  facet  damage  in  semiconductor 
lasers  however,  only  melting  of  the  laser  material  has  been  observed. 

Optical  Damage 

Optical  damage  is  initiated  by  launching  about  I  watt  of  CW  laser  power  into  a  single-mode  fibre  and  simply 
heating  a  small  section  to  its  melting  point,  by  using  a  fusion  jointing  machine,  for  example.  Alternatively,  the 
output  end  can  be  brought  into  contact  with  an  absorbing  surface .  such  as  paint,  metal  or  plastics.  Some  paints 
and  metals  work  better  than  others.  The  contact  causes  local  heating  and  initiates  the  damage  process.  Figure  1 
shows  the  end  of  a  fibre  after  the  fusion-arc  is  struck.  The  spherical  end  of  the  fibre  due  to  surface  tension  on 
melting  is  followed  by  a  large  drop  shaped  cavity.  Successively  smaller  cavities  are  formed  as  a  result  of  the 
temperature  gradient,  until  after  some  distance,  the  damage  stabilises  to  a  more  or  less  periodic  restructuring  of 
the  core  throughout  the  length  of  the  fibre,  and  is  shown  in  Figure  9.  The  photograph  shows  damage  very  similar 
to  that  seen  in  self-focusing  in  bulk  materials  and  a  possible  mechanism  based  on  nonlinear  absorption  '**1  has 
been  proposed  whereby  the  melting  of  the  glass  increases  the  localised  absorption  and  third-order  nonlinearity, 
X*®*.  It  is  well  known  that  the  conductivity  of  glasses  increases  with  temeprature  which,  probably  results  in 
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Figure  1.  Fibre  end  after  fusion-arc  is  struck.  The  fibre  melts 
to  form  the  spherical  end  before  damage  process  begins.  The 
hollow  cavities  are  the  result  of  the  damage. 

plasma  absorption.  The  detailed  absorption  mechanism  is  not  understood,  but  measurements  were  performed  to 
investigate  the  change  in  transmission  characteristics  of  the  fibre,  which  will  be  discussed  later. 

The  shape  of  the  damaged  cavities  is  dependent  on  the  state  of  the  fibre.  For  example,  with  some  of  the  cladding 
removed,  as  in  a  D-shaped  fibre,  the  cavities  are  shaped  more  like  arrow  heads  as  shown  in  Figure  2.  Heat 
diffusion  must,  therefore,  govern  the  formation  of  the  shape  of  the  cavities. 


Figure  2.  Periodic  restructuring  of  the  fibre  core  after  damage 
for  a  fibre  in  which  the  cladding  has  been  removed  nearly  exposing 
the  core,  as  in  a  D-shaped  fibre.  Heat  diffusion  does  have  an  effect 
on  the  shape  of  the  cavity. 

There  is  evidence  to  suggest  that  GeO,;  and  SiO^  are  formed  as  a  result  of  the  damage  process,  with  oxygen  being 
liberated  in  the  cavity.  Subsequently  heating  a  section  of  fibre  locally  causes  the  damage  centres  to  coalesce 
forming  a  capillary  as  shown  in  Figure  3.  The  sudden  expansion  on  heating  of  the  cavities  indicates  that  they  are 
probably  under  some  pressure. 


Figure  3.  Expansion  on  he  .  ing  a  section  of  damaged  fibre  causes  the 
cavities  in  the  core  to  join,  forming  the  capillary. 

Micro-probe  Raman  studies  were  undertaken  to  detect  the  gases  and  identify  the  presence  of  sub-oxides.  Initial 
results  have  shown  that  the  cavities  contain  molecular  oxygen  at  roughly  4  atmospheres  pressure.  The  Raman 
spectra  is  shown  in  Figure  4  in  which  the  characteristic  vibrational  band  of  oxygen  at  1555  cm“‘  is  clearly 
resolved.  The  pressure  was  estimated  by  comparing  the  area  under  the  curve  with  the  spectra  of  atmospheric 
oxygen. 

Measurements 

A  cw  mode-locked  Nd:YAG  and  an  Argon  laser  were  used  to  investigate  the  velocity  of  propagation  of  the 
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Figure  4.  Raman  spectra  of  gas  in  4  /xm  cavity  formed  by  the  damage, 
showing  a  peak  of  oxygen  at  1555  cm“^ 


damage  process.  The  output  of  the  laser  was  launched  into  a  single-mode  fibre  using  an  optimised  arrangement 
which  enabled  the  continuous  variation  of  both  the  numerical  aperture  and  spot-size.  An  efficient  launch  into 
different  types  of  single-mode  fibre  was  thus  possible.  An  optical  attenuator  comprising  a  A  /2  plate  and 
polariser  was  used  to  select  the  launched  power.  The  fibre  was  held  in  a  silica  V-groove  in  order  to  minimise 
thermal  drift  due  to  local  heating  of  the  of  the  fibre  holder.  The  output  was  monitored  by  a  power  meter  before 
each  measurement.  Two  small  area  RCA  silicon  photodiodes  with  integrated  fibre  apertures,  were  placed  one 
metre  apart  close  to  the  output  end  of  the  fibre,  which  was  stretched  between  them.  The  outputs  of  the 
photodiodes  were  used  as  triggers  to  start/stop  an  interval  counter. 

Three  fibres  A,  B  &  C  were  used  to  compare  propagation  characteristics.  The  details  of  the  fibres  are  shown  in 
Table  1.  The  index  profile,  the  core-cladding  index  difference,  An,  and  the  core  radius  were  chosen  to  be 
different.  These  parameters  determine  the  mode-field  width  of  the  optical  power  launched  into  the  fibre  at  the 
laser  wavelength.  Several  measurements  were  made  with  a  Nd:YAG  laser  operating  at  1 .064  tm,  both  cw  and 
mode4ocked  at  average  power  levels  varying  between  0.7  to  2.4  watts.  With  an  Argon  laser  operating  at  514  nm 
measurements  were  made  on  fibre  B  for  cw  operation  of  powers  ranging  between  0.5  to  2.25  watts. 


TABLE  I ;  data  on  fibres 

Fibre 

Profile 

Peak  delta-n 

Core  diameter 

Spot  size  at  1 .064  ^^m 

A 

step 

4x10'^ 

8.05  //m 

6.04  pm 

B 

triangle 

5.40  pm 

4.86  Aim 

C 

triangle 

8  X  10 

5.40 

3.94  pm 

For  the  measurements  reported  in  this  paper,  the  process  was  initiated  in  two  ways.  An  arc -fusion  jointing 
machine  was  used  to  generate  a  high  temperature  at  the  output  end  of  the  fibre  which  was  simultaneously 
carrying  the  laser  power,  or  self-started  by  the  heat  generated  on  contacting  the  output  end  of  the  fibre  with  a 
painted  or  metalised  surface.  At  1.064  ^m  the  initiation  of  the  process  was  obvious,  since  an  intense  blue-white 
localised  filament  was  seen  propagating  towards  the  launch  end  in  the  fibre.  At  514  nm,  the  phenomenon  is 
masked  by  the  intense  scattered  visible  laser  radiation  which,  too,  propagates  backwards.  However,  the  plasma¬ 
like  emission  is  visible  through  the  Argon  line-blocking  safety  glasses.  The  start/stop  trigger  pulses  are  detected 
by  the  photodiodes  as  a  result  of  the  scattered  radiation  for  both  wavelengths. 

Experimental  Results 

a.  Damage  Propagation: 


In  all  over  70  measurements  were  performed  and  averaged.  The  data  plotted  in  Figure  5  shows  the  velocity 
of  propagation  for  each  fibre  with  respect  to  output  optical  power,  showing  the  linear  relationship  with  different 
slopes.  However,  when  the  data  is  plotted  with  respect  to  power-density  in  the  core,  as  shown  in  Figure  6,  there 
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VELOCITY  VS  POWER 


INPUT  POWER,  WATTS 

Figure  5.  Velocity  of  damage  propagation  as  a  function  of  power 
in  core  for  three  fibres.  A,  B  &  C.  There  is  a  linear  dependence 
on  the  input  power,  but  it  varies  for  each  fibre  and  wavehength. 


is  a  linear  relationship  with  respect  to  the  average  power  density  in  the  core.  The  slopes  in  this  case  are  virtually 
identical.  The  conclusion  drawn  is  that  the  energy  density  required  to  cause  the  phenomenon  is  approximately 
constant  for  all  the  fibres.  The  slope  is  about  5  x  I0"‘^  m^  J"*. 


VELOCITY  VS  POWER  DENSITY 


Figure  6.  Velocity  of  damage  propagation  as  a  function  of  power-density  in  core  for  three  fibres, 

A,  B  &  C.  Thresholds  are  indicated  by  a,  b  &  c  respectively.  Note  the  near  identical 
slopes  for  all  measurements.  It  is  thus  concluded  that  the  energy  density  required  is 
constant  for  the  damage  process  in  silica  fibres. 

Based  on  the  length  of  a  damage  centre  of  5  /xm  and  a  nett  absorption  of  5%  of  the  source  power,  the  absorption 
coefficient,  a,  is  calculated  to  be  around  100  cm“‘.  The  change  in  absorption  as  reflected  by,  a,  indicates  that 
the  absorption  is  unlikely  to  be  due  to  colour  centre  formation  f*®!,  since  the  absorption  levels  are  far  too  large.  It 
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is  believed  to  be  in  part  due  to  avalanche  ionisation  1*^1  or  increase  in  the  conductivity  of  silica  at  elevated 
temperatures  Since  the  heat  flow  model  is  complex,  a  simple  heat  absorption  calculation  was  performed  to 

estimate  the  temperature  rise,  using  the  measured  data  presented  here  and,  published  data  on  the  temperature 
dependence  of  the  specific  heat  of  silica  and,  allowing  for  the  fusion  energy  f^or  the  formation  of  the  sub  oxides 
of  germanium  and  silicon  This  is  around  2500  °C.  However,  a  dynamic  thermal-diffusion  model  using  a 
finite  element  technique  is  being  attempted  to  analyse  the  problem  numerically,  and  will  be  reported  elsewhere. 
Thresholds  for  sustaining  the  process  were  measured  by  reducing  the  input  power  until  the  damage  propagation 
ceased.  The  thresholds  are  a  function  of  the  heat -diffusion  time-constants  which  are  inversely  proportional  to  the 
square  of  the  mode-field-width  Thus  different  thresholds  for  each  fibre  are  expected.  The  accurate 
measurement  of  thresholds  was  difficult,  owing  to  the  coarse  movement  on  the  attenuator.  However,  the  power 
density  below  which  the  damage  was  unable  to  propagate  is  indicated  in  Figure  6  for  each  fibre.  The  minimum 
level  was  about  32  MW  cm“^  corresponding  to  a  minimum  power  of  about  0.7  watts  CW  for  fibre  B. 

The  data  for  514  nm  is  also  shown  in  Figure  6.  The  presence  of  higher-order  modes  at  the  shorter  wavelength 
makes  normalisation  difficult.  The  scatter  in  the  data  is  the  result  of  estimated  field-widths  used  for  calculating, 
power-density.  Again,  the  slope  is  Identical  to  the  YAG  measurements,  indicating  similar  functional  behaviour. 
The  threshold  was  in  excellent  agreement  with  the  1.064  /^m  measurement  data  for  fibre  A. 

b.  Nonlinear  Absorption: 

The  mechanism  involved  in  causing  this  phenomenon  was  thought  to  be  related  to  increased  absorption  with 
temperature.  Experiments  were  undertaken  to  measure  the  change  in  the  throughput  of  a  single-mode  fibre, 
while  the  fibre  was  heated  in  a  furnace.  A  one  metre  length  of  fibre  was  heated  up  to  a  temeprature  of  1 100  ”C, 
while  monitoring  the  output  power.  The  launched  power  at  1.064  pm  was  delibrately  kept  low  so  that  increasing 
absorption  with  temperature  would  not  cause  erroneous  results  through  optical  heating.  Figure  7  shows  the 
attenuation  as  a  function  of  temperature.  There  is  a  sharp  increase  in  the  loss  around  1050  °C.  Within  50 
degrees,  the  attenuation  increases  by  nearly  2000  dB  km“‘  (~  4.6  x  10"^  cm'^).  At  slightly  elevated 
temperatures  this  seemingly  exponential  rise  in  attenuation  would  cause  the  power  in  the  guided  mode  to  be 
absorbed  strongly  over  a  very  short  length.  It  is  thought  that  there  is  a  corresponding  increase  in  the  third-order 
nonlinearity  which  causes  self-focusing. 

SINGLEMODE  FIBRE  ABSORPTION 


TEMPERATURE,  ’C 

Figure  7.  The  absorption  in  single-mode  fibre  as  a  function  of  temperature.  There  is  a  dramatic 
increase  above  1050  ’C  probably  as  a  result  of  the  increase  in  the  conductivity  of  glass. 


c.  Periodic  Emission: 

Another  experiment  was  performed  on  fibre  B  to  detect  the  periodic  formation  of  the  damage  centres.  It  was 
postulated  that  the  plasma-like  emission  must  have  a  modulation  which  would  be  a  function  of  the  rate  of 
formation  of  the  cavities.  The  fibre  was  inserted  into  an  aluminium  housing  through  a  fine-bore  capillary,  so  that 
it  passed  in  front  of  a  photo-multiplier  tube  (PMT),  and  out  again  through  another  similar  capillary.  The 
aluminium  housing  thus  formed  a  light-tight  enclosure  for  the  PMT.  With  the  power  launched  into  the  fibre,  the 
damage  was  started  just  beyond  the  exit  capillary  of  the  housing.  The  output  of  the  PMT  was  displayed  on  a  125 
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NWz  transient  digitising  oscilloscope,  which  recorded  the  data  as  the  damage  swept  across  the  face  of  the  PMT. 
Filters  were  inserted  in  front  of  the  fibre  to  adjust  the  light  level  incident  on  the  PMT  to  ensure  linearity  of  the 
output. 

Several  attempts  were  made  to  capture  the  modulation.  The  measurements  proved  to  be  temperamental,  but  the 
structure  on  the  output  did  correllate  with  the  damage  centres.  Figure  8  shows  the  transient  digitising 
oscilloscope  output, '  ‘h  unexpanded  and  in  a  smaller  time  window.  The  modulation  of  the  light  emission  can  be 
seen  on  a  backgrou'  of  ambient  emission,  but  with  a  small  modulation-depth.  This  is  not  unsurprising;  it  is 
likely  that  the  dynan^.  temperature  variation  remains  small  since  the  emission  temperature  is  dominanted  by 
heat  diffusion,  which  would  tend  to  reduce  the  fluctuations. 

The  temp  iral  sC)  non  “^tween  the  centres  as  determined  from  measurements  made  on  propagation  velocity 
was  approximatei.  .  /is  vsnc'wn  in  the  inset)  for  the  power  launched  into  the  fibre.  The  measured  modulation  in 


digitiser  showing  periodicity  in  emission  of  light  during  formation  of 
cavities.  Also  shown  in  the  inset  is  the  region  of  the  fibre  from  where 
the  emission  was  captured.  The  cavity  separation  is  about  33  /iS. 


d.  Temporcd  Effects: 

Mode-locking  has  little  effect  on  the  velocity  of  damage  propagation  for  all  three  fibres,  but  does  alter  the  shape 
of  the  damage  centres  slightly.  It  is  difficult  to  assess  accurately  the  relationship  between  their  shape,  the  optical 
pulse-widths,  and  the  average  power.  But  it  is  related  to  the  thermal -diffusion  time-constants  and  probably  low 
frequency  statistical  fluctuations  in  the  optical  power  density  and  local,  but  periodic,  variations  in  the  waveguide. 
It  is  possible  to  observe  qualitatively  the  variation  in  the  formation  of  the  cavities  with  respect  to  the  input  power 
conditions.  Figure  9a  shows  the  type  of  cavitities  which  are  formed,  separated  by  14.8  ym  when  the  input  power 
is  2  watts  CW  for  fibre  A.  The  cavities  are  large  drop  shaped  with  a  rounded  front  end.  They  have  however,  a 
sharp  truncated  tail  end.  The  sharp  boundary  at  the  tail  end  is  a  type  of  feature  observed  in  all  samples 
examined  so  far.  For  190  ps  (FWH^^  mode-locked  pulses,  the  cavities  are  larger  in  diameter,  albeit  shorter  in 
length  (Figure  9b).  Finally,  for  100  ps  mode-locked  pulses,  the  cavities  become  bell  like  with  a  longer  pointed 
front  end  but  with  a  smaller  average  diameter  (Figure  9c).  These  observations  show  that  the  effect  is  sensitive  to 
the  temporal  characteristics  of  the  input  optical  power,  down  to  the  narrowest  pulses  of  100  ps  FWHM  used  in 
our  experiments.  It  is  concluded  that  the  nonlinearity  is  likely  to  have  a  fast  response,  possibily  in  the 
picosecond  region. 


Discussion 

These  observations  raise  serious  questions  as  to  the  operational  safety  and  testing  of  optical  guided-wave  devices 
and  power-delivery  systems.  The  average  power  density  in  the  fibre  was  about  10  MW  cm“^.  Consequently,  it 
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Figure  9.  Temporal  dependence  of  cavity  formation,  ’a’  is  data  for 
cw  power,  ’b’  for  190  ps  and  ’c’  for  100  ps  FWHM  pulses.  All  data  is 
for  2  watts  average.  The  sensitivity  of  the  cavity  shape  indicates 
that  the  effective  nonlinearity  has  a  sub-nanosecond  response  time. 

puts  a  very  low  limit  to  the  average  power  density  in  single-mode  guided-wave  devices,  above  which  they  will  be 
potentially  at  risk  of  destruction.  For  low  melting  point  device  materials,  the  limit  is  likely  to  be  even  lower. 
The  mechanism  is  also  likely  to  be  manifest  in  other  waveguide  structures  such  as  those  used  in  integrated-optics, 
and  especially  prone  will  be  power  delivery  systems. 

This  phenomenon  does,  however,  allow  the  investigation  of  laser  damage  processes  in  different  materials  in  a 
’controlled’  manner.  It  would  also  allow  damage  invegtigation  of  specific  materials  by  their  introduction  in  the 
core  of  waveguides.  Sandwiching  thin  slivers  of  new  materials  between  the  ends  of  optical  fibres  during  the 
damage  process  may  allow  assessment  of  their  suitability  for  optical  devices. 

Many  fibre  based  applications  areas  using  high  average  powers  are  susceptible  to  catastrophic  damage.  A  type  of 
optical-device  structure  using  the  evanescent  field  interaction  with  overlays  of  metals  or  non-linear  materials, 
such  as  the  fibre  half-coupler  block  must  be  used  with  care  with  high  average  powers  to  ensure  its  integrity. 
The  fast  growing  field  of  fibre-lasers  1^®'  is  another  area  where  there  could  be  a  potential  hazard,  since  the  pump 
and  cavity  powers  used  can  be  high.  Future  fibre-lasers  may  well  generate  high  powers,  and  thus  be  susceptible 
to  such  damage. 


A  more  fundamental  question  arises  on  the  origins  of  the  absorption  mechanism.  The  absorption  is  estimated  to 
be  modest.  The  present  estimate  suggests  only  a  fraction  of  the  optical  power  (5%)  is  being  absorbed.  If  this 
were  to  change,  for  example,  by  the  introduction  of  dopants  or  by  the  use  of  other  device  materials  then  the 
threshold  can  potentially  be  in  the  milliwatt  region,  causing  concern  for  ..''»ny  device  users. 

Conclusion 

In  conclusion,  observations  on  the  damage  to  optical  fibres  due  to  self-propelled  self-focusing  show  that  long 
lengths  can  be  rendered  useless  as  a  result  of  this  process.  Measurements  on  the  velocity  of  damage  propagation 
in  optical  fibres  shows  a  linear  dependence  on  power-density,  with  a  threshold  of  around  3  MW  cm”’.  Optical 
fibres  and  guided-wave  components  using  average  powers  of  0.5  watt  will  thus  be  potentially  at  risk  of  failure. 
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Abstract 


The  dynamics  of  solvation  in  several  polar  solvents  are  studied  by  measuring  the  time  resolved  Stokes  shift  of  the  emis¬ 
sion  of  the  excited  TICT  state  of  4,4'-dime1hylaminophenyl  sulphone.  In  addition  to  the  experimental  measurements,  results 
from  molecular  dynamics  simulation  techniques  are  presented.  The  observed  solvation  dynamics  cannot  be  accounted  for 
by  theories  which  model  the  solvent  as  a  dielectric  continuum.  The  experimental  and  simulation  results  clearly  demonstrate 
the  importance  of  molecular  aspects  of  the  solvation  process. 


Introduction 


Interest  in  the  molecular  motions  associated  with  chemical  reactions  in  solution  has  prompted  an  effort  to  understand 
the  dynamics  of  solvation.  The  effect  of  macroscopic  solvent  parameters  (i.e.  viscosity,  polarity)  on  chemical  dynamics  has 
been  extensively  studied  for  many  decades.'  Correlations  between  rate  constants  and  many  such  solvent  variables  have 
been  reported.^^  These  studies  indicate  that  to  some  extent,  solvent  effects  on  chemical  reactions  can  be  accounted  for  by 
the  changes  the  solvent  induces  in  the  potential  energy  barrier  and  free  energy  of  reaction. 

In  recent  years,  these  issues  have  received  considerable  theoretical^'^  and  experimental"^'®  attention.  Advances  in 
statistical  mechanics  have  resulted  in  new  treatments  for  equilibrium  solvation  which  take  into  account  molecular  details  of 
the  solvent.'®''^  However,  for  nonequilibrium  processes,  the  solvent  is  generally  described  as  a  dielectric  continuum.'®’'®  In 
this  treatment  the  solvent  is  modeled  as  a  structureless  fluid  with  a  frequency  dependent  dielectric  constant,  e(co),  which  is 
usually  expressed  in  the  Debye  form,  equation  (1). 


e(co)  =  e«  -t- 


l+ioKo 


(1) 


In  the  above  expression,  and  Cq  are  the  high  frequency  and  zero  frequency  dielectric  constants,  respectively;  Xp  is  the 
Debye  relaxation  time.  Most  solvents  have  a  more  complex  dielectric  response  than  given  in  equation  (1 ).  In  the  case  of  the 
normal  alcohols,  e((o)  is  generally  expressed  as  a  sum  of  three  regions  of  Debye-like  behavior. 

,  ,  Clo-Eloo  ,  e2o-e2«.  ,  Eso-Es.. 

e(co)  =  E„  -I-  — ^ -(■  -r-: - +  — -  (2) 

1-H(0Tdi  1-HCOXD2  1 +10)103 

The  three  Debye  relaxation  times  are  commonly  associated  with  the  following  molecular  motions;^®  hydrogen  bonding 

dynamics  in  molecular  aggregates,  Tqi,  monomer  rotation,  to2  and  rotation  of  the  terminal  C-OH  group,  T03.  In  addition  to 

the  Debye  time,  a  second  relaxation  time,  the  longitudinal  relaxation  time,  or  constant  charge  relaxation  time,  tl,  is  commonly 
used  to  gauge  dynamical  solvent  effects.  The  functional  form  for  varies  slightly  depending  on  the  nature  of  the  perturbation 

£ 

and  the  value  used  for  e..  (n^  or  Ei  for  the  case  of  a  point  charge,  xi  is  related  to  to  by  tl  =  —  In  polar  sol- 

vents  Eo»E„  and  thus  There  have  been  several  recent  discussions  of  the  importance  of  Tl  as  a  gauge  of  solvent 

dynamics.  In  particular.  Kosower  and  coworkers'®  have  reported  that  the  intramolecular  charge  transfer  rates  of  several 
molecules  are  well  correlated  with  xf' . 

In  this  paper,  nonequilibrium  solvent  relaxation  processes  are  monitored  by  examining  the  time  dependence  of  the  emis¬ 
sion  spectrum  of  a  dissolved  probe  molecule.  In  general  excitation  to  an  excited  electronic  state  results  in  a  change  in  the 
permanent  dipole  moment  (magnitude  and/or  direction)  of  a  molecule.  The  Franck-Condon  principle  assures  that  the  forma¬ 
tion  of  the  excited  state  will  occur  on  a  time  scale  much  faster  than  any  nuclear  rearrangement  of  the  environment.  As  a 
result,  the  excited  state  species  will  be  formed  out  of  equilibrium  with  its  surroundings.  With  increasing  time,  the  solvent 
restructures,  responding  to  the  demands  of  the  new  charge  distribution.  This  results  in  a  lowering  of  the  energy  of  the 
excited  state,  and  is  revealed  by  a  red  shift  (or  Stokes  shift)  in  the  emission  spectrum. 
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Studies  on  the  time  dependent  Stokes  shift  have  been  reported  for  several  molecules  in  a  variety  of  polar  solvents. 

In  addition  to  states  populated  by  direct  excitation,  solvation  dynamics  have  been  probed  using  emission  from  excited  states 
populated  by  rapid  intramolecular  electron  transfer^®’^^  and  proton  transfer®®  reactions. 

The  following  correlation  function  is  used  to  quantify  the  time  dependent  properties  of  the  emission  spectrum. 


C(t)  = 


v(t)-vH) 

v(0)-v(~) 


(3) 


In  the  above  expression,  v(t),  v(0),  vH  are  the  emission  maxima  at  time  t,  zero  and  infinity,  respectively.  Thus,  C(t)  is  a 
function  that  is  1  at  time  t=0  and  decays  to  0  as  t-^o°.  The  time-dependent  behavior  of  C(t)  provides  a  means  of  examining 
the  relaxation  of  the  surrounding  environment  on  a  microscopic  level. 

In  this  paper,  we  examine  the  dynamics  of  solvation  by  monitoring  the  time  dependent  Stokes  shift  of  the  emission  from 
the  twisted  intramolecular  charge  transfer  (TICT)  state  of  dimethyl  aminophenyl  sulphone  (DMAPS).®^  ®®  The  photophysics 
(and  structure)  of  this  class  of  molecules  are  shown  in  Scheme  1. 


''N 

I 


DMAPS 


^  .  Twisted  Intramolecular 

Local  Excited  Charge  Transfer  State 

State  (LE) 


Scheme  1 

Theoretical  Models  Connecting  Cft)  and  Solvent  Relaxation 

The  simplest  theoretical  model  for  understanding  the  underlying  solvent  dynamics  which  cause  the  evolution  of  the 
emission  spectrum  would  be  to  consider  a  dipole  in  a  spherical  cavity  embedded  in  a  dielectric  continuum.®®’'*®  If  the  fre¬ 
quency  dependent  dielectric  constant  e{co)  is  expressed  as  in  equation  (1),  it  has  been  shown  that  C(t)  decays  exponentially 
with  a  time  constant  of  the  longitudinal  relaxation  time  of  the  solvent,  tt.  More  detailed  dielectric  continuum  treatments  by 
Madden  and  Kivelson*®  show  that  for  solvents  characterized  by  an  e(o))  of  the  form  given  in  equation  (1)  the  relaxation 
should  be  biexponential,  with  time  constants  of  Tl  and  tp.  Relaxation  at  some  single  intermediate  time  has  been  discussed 
by  Nee  and  Zwanzig.'**  All  of  these  models  attribute  the  relaxation  of  the  solvent  polarization  to  rotational  motion.  In  sol¬ 
vents  which  are  characterized  by  slow  orientational  relaxation,  the  dominant  mechanism  for  solvent  equilibration  could 
involve  translational  motion  of  the  solvent  dipoles.  This  phenomenon  has  been  termed  polarization  diffusion.  Theoretical 
work  by  van  der  Zwan  and  Hynes  predicts  that  this  relaxation  mechanism  will  dominate  when  the  ratio  Dx[)/R®  >  1 .28.42.43  ip 
this  expression  D  and  R  are  the  self  diffusion  constant  of  the  solvent  and  the  cavity  radius  of  the  dipole,  respectively.  In  this 
case,  C(t)  is  predicted  to  be  nonexponential  and  relaxes  to  1/e  of  its  initial  value  on  a  time  scale  much  faster  than  tl. 

In  addition,  molecular  theories^'®'*®’'*'*  and  molecular  dynamics  studies®®’'^’^®’®^  of  solvation  have  been  reported.  For 
medium  size  molecules,  one  expects  that  the  majority  of  the  relaxation  takes  place  in  the  first  few  solvent  shells.  Thus,  the 
molecular  nature  of  the  nearby  solvent  shells  must  be  considered.  The  contribution  of  a  range  of  relaxation  times  between 
tl  and  tn  resulting  from  the  molecular  nature  of  the  solvent  was  first  proposed  by  Onsager  in  discussing  solvation  of  a 
charge.^  Near  the  charge,  the  solvent  dipole  would  need  to  rotate,  a  time  similar  to  tq.  With  increasing  distance,  the  contin¬ 
uum  model  would  become  applicable  and  the  time  scale  for  relaxation  of  the  polartzation  would  approach  Tl.  Modeling  the 
solvent  as  a  nonequilibrium  distribution  of  dipoles  Calef  and  Wolynes  were  able  to  demonstrate  that  the  time  scale  for  solva¬ 
tion  around  a  charge  depended  on  the  distance  from  the  charge.^  Nearby,  a  time  similar  to  xp  was  found.  With  increasing 
distance  average  relaxation  time  (which  would  correspond  to  the  experimentally  observed  dynamics)  was 

nonexponential  and  had  a  1/e  decay  time  between  XLandxo  but  closer  to  Xl.  Loring  and  Mukamel  have  also  examined 
charge  solvation.®  Expressions  for  calculating  the  solvent  response  are  presented  and  results  similar  to  the  Calef  and 
Wolynes  treatment  are  found.  Friedrich  and  Kivelson  recently  examined  the  effect  of  both  a  stationary  and  moving  ion  on  the 
time  dependent  polarization  of  a  dipolar  solvent.'*'*  This  work  also  demonstrates  that  the  relaxation  dynamics  are  dependent 
on  geometric  properties  of  the  solvent  molecules. 

Wolynes  has  recently  examined  nonequilibrium  solvent  dynamics  of  an  ion  in  a  polar  solvent.*®  Solvation  was  found  to 
occur  on  a  range  of  time  scales.  However,  to  a  good  approximation,  the  results  could  be  summarized  by  introducing  a 
second  relaxation  time,  Xq,  in  addition  to  xl,  which  takes  into  account  the  cavity  radius  of  the  ion,  r^  and  the  diameter  of  the 
solvent  molecule,  Dj. 
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1 +'/2{rc/D3)(£o+3) 
1+y2(re/Ds)(e.+3) 


(4) 


The  importance  of  Tq  to  the  observed  solvation  dynamics  depends  on  the  polarity  of  the  solvent  and  the  ratio  of  the  volume 
of  the  ion  to  the  solvent  molecule.  For  r(7Ds  »  1 ,  tq  is  similar  to  Xl-  However,  for  r^  <  Ds,  tq  becomes  comparable  to  xq.  In 
addition,  if  the  solvent  is  weakly  polar,  xq  will  also  be  close  to  xq.  Even  though  this  treatment  focuses  on  charge  solvation, 
the  general  physical  conclusions  should  apply  to  the  dynamics  explored  through  C(t). 


Experimental 

A  frequency  doubled  CW;Nd^^:YAG  laser  is  used  to  synchronously  pump  a  rhodamine-6G  dye  laser.  At  600  nm,  an 
output  power  of  100  mW  is  obtained.  Autocorrelation  using  a  noncollinear  optical  arrangement  indicates  a  pulse  width  of 
approximately  1 .0  ps  (FWHM). 

The  dye  laser  output  is  amplified  using  a  three  stage  longitudinally  pumped  pulsed  dye  amplifier.  The  driver  is  a 
nanosecond  Nd'^^iYAG  laser,  providing  130  mJ  at  532  nm  at  a  repetition  rate  of  20  Hz.  Rhodamine-640  in  methanol  is  used 
as  the  amplifying  medium.  Saturable  absorber  jets  of  crystal  violet  in  ethylene  glycol  are  used  to  isolate  the  stages  of  the 
amplifier.  The  output  pulse  is  approximately  1  ps  (FWHM),  1-2  mj/pulse,  ±  10%  pulse-pulse  fluctuation,  at  a  repetition  rate 
of  20  Hz.  The  pulse  energy  to  amplified  spontaneous  emission  (ASE)  is  better  than  1 00;1 . 

The  output  of  the  amplifier  is  frequency  doubled  using  a  0.2  cm  angle  tuned  KDP  doubler.  A  weak  reflection  of  the 
remaining  red  light  is  focused  onto  an  FND-1 00  photodiode,  the  output  of  which  triggers  the  streak  camera.  Both  the  UV  and 
remaining  red  beam  are  sent  down  optical  delays  of  approximately  30  ft.  This  is  made  necessary  by  the  internal  delay  in  the 
streak  camera.  The  UV  is  passed  through  a  polarizer  and  focused  onto  the  sample.  The  cell  is  masked  so  that  emission 
over  a  0.2  cm  region  is  imaged  onto  the  detector.  The  red  light  travels  a  slightly  shorter  delay  than  the  UV  and  is  used  as  a 
timing  marker  for  signal  averaging  (prepulse).  Fluorescence  is  collected  90°  from  excitation.  The  light  is  collimated  and 
passed  through  a  second  polarizer  which  can  be  oriented  parallel,  perpendicular,  or  at  magic  angle  with  respect  the  the  exci¬ 
tation  light.  The  light  is  then  focused  on  the  input  slit  of  a  Hamamatsu  C979  streak  camera.  Quartz  input  optics  are  used  to 
record  emission  from  300  to  340  nm.  The  streak  camera  output  is  recorded  by  a  Reticon  detector  connected  to  a  high  speed 
parallel  computer  interface.  The  data  is  transferred  to  an  LSI-1 1/23+  computer  system  via  a  parallel  DMA  interface. 

In  order  to  control  the  sample  temperature,  a  brass  flow  cell  is  used.  This  cell  was  connected  to  a  closed  cycle  recircu¬ 
lator.  The  temperature  of  the  cell  could  be  varied  over  the  range  from  -70  to  +40°C.  The  sample  temperature  was  monitored 
by  a  thermocouple  and  was  stable  to  ±  0.2°C. 

4,4'-Dimenfhylaminophenyl  sulphone  was  synthesized  by  refluxing  4,4’-diaminophenyl  sulphone  with  methyl  phosphate 
in  ethylene  glycol  for  about  72  hours.  The  product  was  purified  by  repeated  recrystallization  from  dioxane.  The  purified  cry¬ 
stals  were  characterized  using  NMR  spectroscopy  and  found  to  be  the  desired  material.  All  solvents  were  dried  over  molec¬ 
ular  sieves  and  checked  for  background  fluorescence.  Samples  were  purged  with  nitrogen  and  sealed  with  parafilm. 

Static  fluorescence  spectra  were  recorded  using  a  1/4  meter  monochrometer  coupled  to  a  Reticon  detector.  Corrected 
spectra  for  several  samples  were  recorded  on  a  SPEX  fluorolog.  Comparison  of  the  spectra  enabled  us  to  determine  the 
correction  factors  for  the  monochrometer-Reticon  system.  Data  analysis  was  carried  out  on  a  Sun  3/110  computer  system 
using  nonlinear  least  squares  analysis  programs. 


Time  Dependent  Stokes  Shift  Measurements 

In  Figure  1 ,  time  dependent  emission  spectra  at  several  times  after  excitation  for  DMAPS  in  ethanol  at  -20°C  are  shown. 
The  experimental  details  used  to  obtain  these  spectra  are  described  in  references  27  and  28.  As  can  be  seen  in  Figure  1, 
the  emission  spectrum  shifts  to  decreasing  energy  with  increasing  time  after  excitation;  the  total  shift  is  on  the  order  of  40 
nm.  Static  fluorescence  data  indicate  that  excitation  to  the  TICT  state  of  this  molecule  results  in  a  large  change  in  direction 
{=  90°)  and  magnitude  {=  1 0  D)  of  the  permanent  dipole  moment.^^  From  these  data,  v(t)  is  extracted  (insert  in  Figure  1 ),  To 
generate  C(t),  v(0)  and  v(«>)  need  to  be  determined.  Due  to  the  finite  time  resolution  v(0)  is  extremely  difficult  to  measure. 
Some  recent  subpicosecond  studies^  suoqest  that  even  on  such  a  short  time  scale,  a  fast  component  of  the  response  may 
be  missed  resulting  in  a  misassignment  of  v(0).  On  the  other  hand,  v(o°)  can  be  determined  in  an  analogous  manner  as  v(t). 
In  Figure  2,  ln[C(t)]  is  plotted  for  DMAPS  in  ethanol  at  -20°C.  For  comparison,  -Vxl  is  plotted  (the  continuum  prediction),  as 
well  as  -t/X£).  It  is  clear  that  the  function  C(t)  falls  between  curves  corresponding  to  the  two  limiting  relaxation  times.  In  order 
to  determine  the  solvation  time,  C(t)  is  fit  to  a  single  exponential  function.  The  resulting  times  are  compared  to  dielectric 
relaxation  times  in  Table  1 . 

To  a  good  approximation,  e((o)  for  ethanol  at  -20°C  is  well  characterized  by  equation  1  The  xq  reflects  the  dynamics 
of  hydrogen  bonding  (ethanol  at  -20°C  is  >  90%  hydrogen  bonded.)^®  However,  it  could  be  argued  that  monomer  relaxation 
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Figure  1:  Time  resolved  emission 
spectra  of  the  TICT  state  of  DMAPS  in 
Ethanol  at  -20°C  are  shown  100  ps  (x), 
150  ps  (o),  200  ps  (+),  and  400  ps  (*) 
after  photoexcitation.  The  time  depen¬ 
dence  of  the  emission  maximum  is  plot¬ 
ted  in  the  insert. 


1.2  1.6  2.0  2.4  2.8 

Wavenumber  (  x  lO"*  cm"' ) 

or  even  the  fastest  dielectric  dispersion  region  in  the  alcohols  (C-OH  rotation)  should  be  included  in  the  response.^®’^®  Both 
of  these  motions  occur  on  a  faster  time  scale  than  the  making  and  breaking  of  hydrogen  bonds.  Contributions  from  these 
regions  of  the  e(a))  response  should  result  in  an  acceleration  of  the  solvation  from  that  calculated  using  just  the  longest  time 
constant  of  the  dielectric  function.  This  would  result  in  further  disagreement  between  theory  and  experiment.  For  the  case  of 
two  regions  of  Debye  dispersion,  Bagchi  et  al.  have  derived  an  expression  for  C(t)  within  the  continuum  model.^®  In  this 
case,  C(t)  is  a  sum  of  two  exponentials,  weighted  by  a  function  of  the  dielectric  constants  associated  with  the  two  regions  of 
dispersion.  Studies  of  Coumarin  153  in  propanol  clearly  show  that  the  solvent  dynamics  are  not  adequately  described  by 
such  a  model^.  For  the  solvents  examined  here,  the  free  monomer  concentration  is  small.  Thus  the  contribution  to  C{t)  is 
negligible. 

In  the  above  discussion,  we  have  implied  that  the  response  in  entirely  accounted  for  by  solvent  motion.  However,  during 
the  relaxation  process,  the  probe  molecules  are  also  undergoing  rotational  diffusion,  resulting  in  a  time  dependent  orientation 
of  the  probe  dipole.  This  has  been  treated  theoretically  by  Bagchi  et  al.^®  For  DMAPS,  the  rotational  diffusion  times  are 
much  longer  than  the  measured  solvation  times.®®  In  a  related  study  by  Maroncelli  and  Fleming  on  the  solvation  of  Coumarin 
153,  evidence  of  solvation  dynamics  were  suggested  by  fast  components  in  the  rotational  anisotropy.®®  The  time  scale  of 
this  fast  component  was  found  to  correlate  with  the  solvation  times  derived  from  C(t).  This  result  suggests  that  there  was  an 
initial  torque  on  the  molecule,  in  which  the  new  direction  of  the  dipole  moment  on  the  solute  tried  to  realign  with  the  solvation 
structure  that  was  present  around  the  ground  state  molecule.  In  general,  the  large  difference  in  solvation  and  rotational  diffu¬ 
sion  times  supports  the  conclusion  that  the  dominant  contribution  to  the  relaxation  measured  is  solvent  motion. 


Figure  2:  C(t)  is  plotted  as  a  func¬ 
tion  of  time  for  Ethanol  at  -20°C.  For 
comparison,  decays  with  time  constants 
Tl  (the  continuum  theory  prediction) 
and  -to  are  shown. 
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Temperature  (K) 

Ts (psec) 

tl  (psec) 

Td  (p.sec) 

Eo 

Ethanol 

273 

43 

60 

337 

26.0 

4.65 

263 

64 

72 

456 

29.8 

4.74 

253 

113 

96 

632 

31.4 

4.85 

243 

200 

132 

899 

33.8 

4.97 

233 

356 

185 

1319 

36.2 

5.10 

223 

420 

270 

2001 

38.7 

5.24 

Methanol 

213 

197 

81 

609 

56.4 

7.51 

223 

106 

56 

414 

52.7 

7.19 

233 

67 

41 

290 

49.2 

6.91 

Ethvlene  Glycol 

298 

100 

90 

778 

34.6 

4 

Table  1 :  Comparison  of  the  solvation  times  of  DMAPS,  Tj,  longitudinal  relaxation 
time  of  the  solvent,  the  Debye  time,  tq,  and  the  static  dielectric  constant  Eq,  in 

ethanol  solution. 


Molecular  Dynamics  Simulations 


Further  insight  into  the  molecular  details  of  solvation  can  be  revealed  by  computer  simulation.  We  have  used  molecular 
dynamics  (MD)  to  examine  the  time  scale  for  the  relaxation  of  TIP4P  water  to  an  instantaneous  change  in  the  dipole  moment 
of  a  solvated  Lennard-Jones  (LJ)  sphere  The  solute  is  modeled  by  a  pair  of  equal  and  opposite  charges  embedded  in  an 
infinitely  massive  Lennard-Jones  (LJ)  sphere  centered  at  the  midpoint  between  the  charges.  The  solute-solvent  interaction  is 
given  by: 


A  __B_ 


(5) 


where  q,  refers  to  charges  on  the  solute,  Qj  to  the  TIP4P  charges  on  the  water  molecules  and  Hj  is  the  corresponding  site- 
site  distance.  The  distance  R  is  measured  between  the  LJ  center  on  the  TIP4P  oxygen  and  the  LJ  center  on  the  solute.  The 
parameters  A  and  B  are  chosen  to  be  4.668  10®kcalA’^  /mole  and  2.229  1 0^kcalA®/mole,  respectively.  This  leads  to  an 
effective  solute  diameter  of  approximately  3,6  A°,  which  is  a  fair  model  of  the  experimental  system, The  charge 
separation  on  the  solute  was  fixed  at  1  A°.  All  changes  in  the  dipole  moment  of  the  solute  are  carried  out  by  changing 
instantaneously  the  charge  on  the  sites. 

Molecular  dynamics  (MD)  simulations  were  performed  in  the  NVE  ensemble  with  the  Verlet  algorithm,'*®  SHAKE®°  a 
cubic  primary  box  and  periodic  boundary  conditions.  All  interactions  were  truncated  by  a  spherical  cut  off  at  8.5  A°,  and  a 
switching  function  was  used  between  8.1  and  8.5  A°  to  change  the  potentials  and  forces  smoothly  to  zero  at  the  cutoff.®*  No 
periodic  images  of  the  solute  were  included.  The  center  of  mass  of  the  solute  was  fixed  at  the  origin  of  the  simulation  box, 
and  the  dipolar  axis  was  fixed  along  the  z-axis  throughout  the  simulations. 

After  equilibration  the  simulation  was  run  for  an  additional  60  ps  and  configurations  were  recorded  every  0.6  ps.  These 
configurations  provide  input  for  the  two  numerical  experiments.  For  the  first  experiment,  the  dipole  moment  of  the  solute  was 
changed  instantaneously  to  -4  D  ,  thus  pointing  the  new  dipole  along  the  negative  z-axis.  The  system  was  then  propagated 
for  a  further  5.4  ps  without  any  velocity  rescaling.  This  generated  independent  dynamical  trajectories  from  each  of  60  initial 
configuration.  In  the  second  experiment,  this  procedure  was  repeated  using  the  same  initial  configurations  but  the  dipole 
moment  of  the  solute  was  reassigned  to  be  12  D  along  the  positive  z-axis  with  no  change  of  direction. 

In  order  to  quantify  the  time  dependence  of  solvent  response  to  the  change  in  the  sudden  solute  dipole  moment,  the  fol¬ 
lowing  correlation  function  was  examined; 

‘l’(t)  =  <Msoi(t)mLj>  (6) 


In  the  above  expression,  M5oi(t)  is  the  total  vector  dipole  moment  ct  the  solvent  and  rfiLj  is  the  unit  vector  along  the  dipole 
moment  of  the  solute.  Thus,  0(t)  is  a  measure  of  the  time  dependent  projection  of  the  total  solvent  dipole  moment  on  the 
solute.  Changes  in  this  projection  reflect  rotational  restructuring  of  the  surrounding  medium.  In  a  general  sense,  these 
dynamics  are  a  molecular  measurement  of  the  rotational  motions  of  the  solvent  which  contribute  to  the  experimental  correla¬ 
tion  function  C(t)  measured  in  the  time  resolved  Stokes  shift  experiments.  It  is  important  to  stress  that  the  above  function 
does  not  measure  the  entire  polarization  response.  Translational  diffusion  with  no  rotation  can  contribute  to  the  equilibration 
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process.**^'^^  Motions  of  this  type  are  not  measured  by  0(t).  However,  as  mentioned  above,  dielectric  continuum  treatments 
of  solvent  relaxation  of  the  type  studied  in  this  paper  focus  on  relaxation  by  solvent  rotational  motion. 

In  Figure  3,  <I>(t)  for  the  4D  to  12D  jump  and  the  4D  to  -4D  flip  are  shown.  T=0  corresponds  to  the  time  when  the  magni¬ 
tude  and/or  direction  of  tho  dipole  is  changed.  The  dynamics  of  <I>(t)  reflect  the  rotatic  lal  restructuring  process.  The  1/e  time 
of  the  relaxation  for  tne  4D  to  12D  and  4D  to  -4D  measurements  is  0.5  and  0.6  ps,  respectively.  Due  to  the  large  fluctua¬ 
tions  in  cp(t),  it  is  difficult  to  determine  whether  the  two  cases  show  different  total  relaxation  times  or  if  the  relaxation  can  be 
accurately  described  by  an  exponential  function.  Dielectric  continuum  models  of  solvation  predict  that  the  dynamics  of  rilaxa- 
tion  should  be  the  same  for  both  a  change  in  the  magnitude  and  the  direction  of  the  solute  dipole,  with  ci)(t)  decaying 
exponentially  with  a  time  constant  of  Xl.  For  TIP4P  water,  has  a  value  of  0.18  ps.^^-^'*  which  is  considerably  faster  than 
the  time  revealed  by  the  relaxation  data  in  Figure  3.  However,  in  agreement  with  the  experimental  studies  on  nonequilibrium 
solvation,  ;he  relaxation  time  is  between  Xi_  and  Tq.  The  result  that  it  takes  longer  for  the  solvent  to  equilibrate  than  predicted 
by  dielectric  continuum  models  indicates  the  importance  of  understanding  the  underlying  molecular  motion  associated  with 
the  solvation  process. 

In  Figure  4,  we  have  plotted  log(Ts/tL)  as  a  function  of  the  log  (Cq).  Both  experimental  and  simulation  data  are  plotted. 
The  behavior  shown  in  Figure  4  is  consistent  with  the  previous  observation  of  Maroncelli  and  Fleming  for  Coumarin  153  in 
polar  liquids.  As  can  be  seen,  the  solvation  data  calculated  from  the  molecular  dynamics  simulation  follows  the  trend  exhi¬ 
bited  by  the  experimental  data.  This  is  an  encouraging  sign  that  the  mv  .ccular  motions  revealed  by  the  simulation  study  may 
provide  detailed  insight  into  the  molecular  aspects  of  solvation. 


-.5  0  .5  1  1.5  2 

Time  (ps) 


Figure  3:  q  (t)  is  plotted  for  the  4D 
to  12D  jump  (top)  and  the  4D  to  -4D 
flip  (bottom).  The  magnitude  and/or 
direction  of  the  solute  dipole  is  changed 
at  T  =  0. 


872 


Figure  4:  The  function  log  is 

'^L 

plotted  as  a  function  of  log  (e„).  The 
data  clearly  show  that  the  solvation 
dynamics  deviate  from  the  continuum 
prediction  (dashed  line).  The  data  are 
tabulated  in  Table  1.  The  simulation 
data  Is  represented  by  the  (*). 


Conclusions 

From  experimental  and  molecular  dynamics  simulations  of  solvation,  four  general  conclusions  can  be  drawn. 

1 .  The  time  scale  for  solvation  generally  falls  between  tl  and  tq.  In  all  cases  reported,  it  is  closer  to  xl  than  xd- 

2.  The  relaxation  dynamics  as  determined  by  C{t)  are  nonexponential. 

3.  With  increasing  values  of  the  static  dielectric  constant,  Cq,  the  solvation  time  and  solvent  longitudinal  relaxation  time 
become  more  dissimilar .  Not  only  is  this  true  in  comparing  the  variety  of  solvents  examined  but  is  also  observed  in 
a  single  solvent  as  a  function  of  temperature  where  Eq  increases  with  decreasing  temperature. 

4.  In  several  solvents  where  Dxjya^  >  1 ,  the  observed  solvation  times  are  longer  than  xl,  in  contrast  to  the  prediction  of 
polarization  diffusion  theory. 


Acknowledgements 

This  work  is  supported  by  the  National  Science  Foundation,  the  Petroleum  Research  Foundation  administered  by  the 
American  Chemical  Society  and  the  Office  of  Navai  Research.  M.B.  and  J.D.S.  thank  O.  A.  Karim  and  Professor  A.  D.  J. 
Haymet  for  their  guidance  and  help  in  carrying  out  the  MD  simulations  described  in  this  paper. 


References 


1 .  C.  Reichardt,  Solvent  Effects  in  Organic  Chemistry  (Verlag  Chemie,  New  York,  1 979). 

2.  J.  M.  Hicks,  M.  T.  Vandersall,  E.  V.  Sitzman,  and  K.  E.  Eisenthal,  Chem.  Phys.  Lett.  135,  413  (1987). 

3.  J.  T.  Hynes,  Ann.  Rev.  Phys.  Chem.  36,  573  (1985). 

4.  J,  T.  Hynes,  in  Theory  of  Chemical  Reactions  Wolume  IV,  (CRC  Press.  Boca  Raton,  1986). 

5.  J.P.  Bergsma,  B.  J.  Gertner,  K.  R.  Wilson,  and  J.  T.  Hynes,  J.  Chem.  Phys.  86,  1356  (1987). 

6.  G.  van  derZwan  and  J.  T.  Hynes,  J.  Chem.  Phys.  77,  1295  (1982);  J.  Chem.  Phys.  78,  4174  (1983). 

7.  D  F.  Calef  and  P.  G.  Wolynes,  J.  Phys.  Chem.  87,  3387  (1983);  J.  Chem.  Phys.  78,  4145  (1983). 

8.  H.  Sumi  and  R.  A.  Marcus,  J.  Chem.  Phys.  84,  4894  (1986). 

9.  R.  F.  Loring  and  S.  J.  Mukamel,  Chem.  Phys.  87,  1272  (1987). 


873 


10.  P.  G.  Wolynes,  J.  Chem.  Phys.  86,  5133  (1987). 

11.  P.  J.  Rossky,  Ann.  Rev.  Phys.  Chem.  36,  321  (1985). 

12.  W.  Nadler  and  R.  A.  Marcus,  J.  Chem.  Phys.  86, 3906  (1987). 

13.  M.  J.  Weaver  and  T.  Gennett,  Chem.  Phys.  Lett.  113,  213  (1985). 

14.  M.  McGuire,  and  G.  McLendon,  Phys.  Chem.  90,  2549  (1986). 

15.  E.  M.  Kosowerand  D.  Huppert,  Ann.  Rev.  Phys.  Chem.  37, 127  (1986). 

16.  D.  Chandler,  The  Liquid  State  of  Matter  E.  W.  Montroll  and  J.  L.  Lebowitz,  Eds.,  (North  Holland,  New  York,  1982). 

17.  B.  M.  Pettitt  and  P.  J.  Rossky,  J.  Chem.  Phys.  78,  7296  (1983). 

18.  D.  Kivelson  and  P.  A.  Madden,  Ann.  Rev.  Phys.  Chem.  31,  523  (1983). 

19.  H.  Frohlich,  Theory  of  Dielectrics  (Oxford  Univ.  Press,  Oxford,  1949). 

20.  S.K.  Garg  and  C.  P.  otnyth,  J.  Phys.  Chem.  69,  1294  (1965). 

21.  M.  Davies,  Dielectric  Properties  and  Molecular  Behavior  N.  E.  Hill,  W.  E.  Vaughan,  A.  H.  Price,  and  M.  Davies,  Eds. 
(Van  Nostrand,  London,  1969). 

22.  H.  Sumi  and  R.  A.  Marcus,  J.  Chem.  Phys.  84,  4272  (1986). 

23.  H.  Friedman,  Trans.  Faraday  Soc.  79,  1465  (1983). 

24.  L.  Onsager,  Can.  J.  Chem.  55, 1819  (1977). 

25.  J.  Hubbard  and  L.  Onsager,  J.  Chem.  Phys.  67,  4850  (1977). 

26.  J.  Hubbard,  J.  Chem.  Phys.  68,  1649  (1978). 

27.  S-G.  Su  and  J.  D.  Simon,  J.  Phys.  Chem.  91,  2693  (1987). 

28.  Su,  S-G.  and  J.  D.  Simon,  J.  Chem.  Phys.,  in  preparation. 

30.  D.  W.  Anthon  and  J.  H.  Clark,  J.  Phys.  Chem.  91, 3530  (1987). 

31.  L.  A.  Hallidy  and  M.  R.  Topp,  Chem.  Phys.  Lett.  48,  40  (1977). 

32.  M.  Maroncelli,  E.  W.  Castner  Jr.,  S.P.  Webb,  and  G.  R.  Fleming,  Ultrafast  Phenomena  VG.  R.  Fleming  and  A.  E.  Sieg- 
man,  Eds.  (Springer-Verlag,  New  York,  1986). 

33.  M.  Maroncelli  and  G.  R.  Fleming,  J.  Chem.  Phys.  86,  6221  (1987). 

34.  E.  W.  Castner  Jr.,  M.  Maroncelli,  and  G.  R.  Fleming,  J.  Chem.  Phys.  86, 1090  (1937). 

35.  V.  Nagaragan,  A.  M.  Brearley,  T-J  Kang,  and  P.  F.  Barbara,  J.  Chem.  Phys.  86,  3183  (1987). 

36.  Y.  T.  Mazurenko  and  N.  G.  Bakhshiev,  Opt.  Spectrosc.  28,  490  (1970). 

37.  S-G.  Su  and  J.  D.  Simon,  J.  Chem.  Phys.  submitted  for  publication. 

38.  R.  S.  Moog  and  J.  D.  Simon,  J.  Phys.  Chem.  submitted  for  publication 

39.  B.  Bagchi,  D.  W.  Oxtoby,  and  G.  R.  Fleming,  Chem.  Phys.86,  257 
(1984) 

40.  G.  van  derZwan,  and  J.  T.  Hynes,  J.  Phys.  Chem.  89,  4181  (1985). 

41.  T.  Nee  and  R.  Zwanzig,  Chem.  Phys.  52,  6353  (1970). 

42.  G.  van  derZwan  and  J.  T.  Hynes,  Physica  A  121,  227  (1983). 

43.  G.  van  derZwan  and  J.  T.  Hynes,  Chem.  Phys.  Lett.  101, 367  (1983). 

44.  V.  Friedrich  and  D.  Kivelson,  J.  Chem.  Phys.  86,  6425  (1987). 

45.  J.  D.  Simon,  Accounts  of  Chem.  Research  accepted  for  publication 

46.  M.  Maroncelli,  and  G.  R.  Fleming,  in  preparation. 

47.  W.  Rettig  and  E.  A.  Chandross,  J.  Amer.  Chem.  Soc.  46,  3575  (1985). 

48.  Y.  Sukai,  Y.  Sadoaka,  and  T.  Yamamoto,  Bull.  Chem.  Soc.  Jap.  46,  3575  (1975). 

49.  L.  Verlet,  Phys.  Rev.  159,  98  (1967). 

50.  J.  P.  Ryckaert,  G.  Ciccotti,  and  H.  J.  C.  Berendsen,  J.  Comput.  Phys.  23,  327  (1977). 

51.  O.  A.  Karim  and  J.  A.  McCammon,  J.  Am.  Chem.  Soc.  108, 1762  (1986);  J.  Ulstrup,  Ed.  (Elsevier,  Amsterdam,  1986). 

52.  K.  J.  Ibuki  and  M.  Nakahara,  J.  Phys.  Chem.  91 , 441 1  (1987). 

53.  M.  Neumann,  J.  Chem.  Phys.  82,  5663  (1985). 

54.  M.  Neumann,  J.  Chem.  Phys.  85,  1567  (1986). 

55.  S-G.  Su,  and  J.  D.  Simon,  J.  Phys.  Chem.  to  be  published. 

56.  0.  A.  Karim,  A.  D.  J.  Haymet,  M.  Banet,  and  J.  D.  Simon,  J.  Phys.  Chem.  accepted  for  publication. 

57.  M.  Maroncelli,  E.  W.  Castner  Jr,  B,  Bagchi,  G.  R.  Fleming,  Faraday  Discussion,  submitted  for  publication. 


874 


SCIENTIFIC  ASPECTS  OF  THE  UKAFA 
LASER  ISOTOPE  SEPARATION  PROGRAMME 


n  J  H  Wort 
Harwell  Laboratory 

United  Kingdom  Atomic  Energy  Authority 
Oxfordshire 
0X11  ORA 
Great  Britain 

Abstract 


Ouite  apart  from  the  high  power  laser  banks  required  to  operate  an  Atomic  Route  Laser 
Enrichment  plant,  lasers  play  an  important  role  in  the  supporting  basic  physics  research. 

In  the  first  place,  it  is  necessary  to  determine  various  uranium  atomic  parameters,  of  which 
isotope  shift  is  the  most  obvious,  for  each  of  the  levels  in  a  multistep  process,  and  the 
strengths  of  the  optical  transitions  between  them.  For  the  last  autoionising  step  it  is 
necessary  first  of  all  to  find  suitable  levels,  none  being  listed  in  the  open  literature, 
and  then  to  measure  the  all  important  autoionising  transition  cross-sections.  Secondly, 
laser  diagnostics  are  used  to  characterise  the  stream  of  vapour  issuing  from  the  evaporator: 
parameters  such  as  streaming  velocity,  kinetic  and  excitation  temperature  and  degree  of 
thermal  ionisation  are  relevant.  Thirdly,  the  laser  may  be  used  as  a  plasma  diagnostic  tool 
analysing  ion  motion  in  the  extractor  system,  where  subtle  plasma  physics  processes  operate. 
This  paper  surveys  some  of  the  measurements,  the  methods  used  and  results  obtained,  thereby 
illustrating  the  application  of  lasers  to  what  might  be  called  the  Laser  Application  par 
excellence . 


Introduction 


Research  into  the  basic  physics  underlying  the  laser  enrichment  of  uranium  to  levels 
adequate  for  civil  nuclear  reactors  began  at  the  Harwell  Laboratories  of  the  United  Kingdom 
Atomic  Energy  Authority  in  1974.  About  five  years  ago  scientific  feasibility  was 
convincingly  demonstrated,  and  a  collaborative  programme  was  devised  to  include  Harwell 
(basic  physics),  Culham  Laboratory  (UKAEA)  (primarily  laser  development)  and  British  Nuclear 
Fuels  pic  (all  commercial  aspects  including  the  design,  construction  and  operation  of  a 
production  plant).  The  primary  aim  of  the  joint  programme  is  to  ascertain  the  economic 
competitiveness  of  the  process  in  the  UK  context:  the  competition  being  the  highly 
successful  centrifuges  used  at  present. 

Details  of  this  programme  remain  restricted  largely  for  commercial  reasons.  It  is 
therefore  not  permissible  (nor  appropriate  for  this  conference)  to  discuss  BNF’s  work,  and 
the  work  at  Culham  will  eventually  be  described  by  one  of  their  staff.  Rather,  this  paper 
is  confined  to  a  largely  historical  review  of  the  work  at  Harwell,  funded  by  the  Underlying 
Research  Programme,  with  the  main  emphasis  being  placed  on  the  role  played  by  diagnostic 
lasers  and  the  type  of  experiments  and  results  obtained. 

Basic  Considerations 


The  fundamentals  of  the  3-colour  process  leading  to  ionisation  of  the  uranium  atom  are 
by  now  too  well  known  to  bear  repetition.  For  basic  research  at  Harwell  we  have  installed  a 
small  and  entirely  conventional  MOPA  Copper  Vapour  Laser  array,  (Fig  1)  giving  some  2nn 
Watts  output  at  6KHz  pulse  repetition  frequency  (green  only).  This  array  drives  a  set  of 
three  dye  amplifier  chains,  who'e  configuration  is  variable  but  with  a  design  centred  on  Imvl 
pulse  energy  (ie  6  Watts)  tuned  output  per  chain  (Fig  2).  The  master  colour  sources  at  the 
moment  are  three  CW  ring  dye  lasers  :  this  is  obviously  an  inefficient  use  of  CVL  power  but 
has  the  merit  of  great  scientific  flexibility  and  ease  of  use. 

In  passing,  a  short  experimental  programme  has  established  routes  for  a  2-colour 
process,  using  exc imer-pumped  dye  laser  oscillators.  Attractive  though  this  process  is,  it 
is  felt  that  technological  considerations  still  favour  the  3-colour  route,  although  the 
credibility  gap  is  gradually  narrowing,  primarily  because  of  excimer  laser  development:  dye 
degradation  remains  a  problem. 

We  should  again  emphasise  the  purely  research  aspect  of  the  Harwell  work;  obviously  the 
experimental  plant  being  installed  at  BNF  is  considerably  more  powerful. 
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Returning  to  the  use  of  lasers  to  establish  basic  parameters,  we  recognise  three  main 
fields  of  activity: 

1.  Individual  Atomic  parameters 

2.  The  behaviour  of  streaming  vapour 

3.  The  behaviour  of  ions  in  an  extractor 

These  fields  will  be  discussed  individually;  where  possible,  emphasis  has  been  placed 
on  the  laser  aspect,  although  in  reality  the  primary  interest  lies  elsewhere.  We  make  no 
excuse  for  allowing  our  enthusiasm  for  atomic  physics  to  show  occasionally. 

Atomic  Parameters 

The  3-colour  process  involves  3  transitions,  and  therefore  the  selection  of  3  excited 
states  :  the  last  one  has  to  be  ionising. 

The  first  excited  state,  at  about  2eV,  can  be  chosen  from  one  or  other  of  the  published 
level  lists.  It  must  obviously  have  an  isotope  shift,  and  it  must  have  the  correct  J-value 
to  be  coupled  both  to  the  uranium  ground  state  and  the  first  excited  state,  which  at  620cm“^ 
is  almost  inevitably  going  to  be  present  in  the  vapour  stream  to  an  extent  making  its 
extraction  worthwhile.  The  strength  of  the  coupling  is  also  a  useful  parameter  to  know. 

One  of  the  more  interesting  features  is  the  hyperfine  splitting  displayed  by  the 
transition  in  235U  (the  nuclear  spin  of  7/2  gives  rise  in  effect  to  octets).  The  total 
hyperfine  width  must  be  covered  by  the  exciting  laser,  but  at  the  same  time  excitation  of 
238U  must  be  avoided  :  not  necessarily  because  it  may  spoil  selectivity,  but  also  to  avoid  a 
waste  of  photons.  Ideally  all  selectivity  is  derived  from  the  first  step.  Two  examples  of 
a  useful  and  a  useless  transition  are  shown,  (Fig  3)  both  being  the  result  of  fluorescence 
excitation  of  235-enriched  uranium  vapour  using  a  scanning  CW  laser.  The  vapour  source  used 
was  a  sputter  lamp,  (Fig  4)  which  is  now  our  standard  spectroscopic  source,  though  at 
various  times  we  have  used  a  tubular  furnace,  a  small  point  source  electron  beam  evaporator 
and,  inevitably,  an  atomic  beam  furnace  using  uranium  rhenide  as  a  non-corrosive  uranium 
source.  The  hyperfine  structure  revealed  by  the  laser  scan  was  analysed  using  an 
interactive  computer  programme,  and  the  two  controlling  parameters  (the  Casimir  A  and  B 
coefficients)  deduced  for  several  levels  :  this  type  of  information  is  required  when 
attempting  to  match  3-photon  experiment  to  theory. 

Rather  as  a  side-issue,  the  effect  of  a  magnetic  field  on  the  transitions  has  received 
some  attention.  In  any  practical  uranium  evaporator,  a  magnetic  field  will  be  present  to 
control  the  electron-beam  heat  source.  With  laser  fluorescence,  the  usual  Zeeman  effect  is 
readily  observed,  and  the  less  usual  Paschen-Goudsmit  effect  on  hyperfine  structure  gives  a 
useful  check  on  the  validity  of  the  structure  interpretation  (Fig  5). 

For  the  second  excited  state,  at  4ev,  the  choice  is  not  so  obvious.  The  list  of  levels 
given  by  Miron  et  al  is  comprehensive,  at  least  for  levels  of  interest,  but  the  transition 
strengths  from  the  chosen  2eV  levels  required  to  be  measured.  We  used  the 
branching-rat io-and-1 i fet ime  method,  using  both  CW  and  pulsed  lasers  at  various  times  to 
measure  branching  ratios,  and  either  pulsed  laser  excitation  or  time  delayed  ionisation  to 
measure  lifetimes  :  the  latter  method  (using  pulsed  lasers)  is  both  experimentally  easier 
and  more  accurate,  and  an  example  of  the  type  of  result  obtained  is  shown  (Fig  6). 

The  isotope  shift  of  the  4eV  level,  which  in  an  enrichment  plant  is  a  bonus,  is 
relatively  easily  measured  using  CW  fluorescence  excitation  with  two  lasers  :  absolute 
positions  can  be  determined  using  a  wavemeter  calibrated  against  an  iodine  cell,  or 
relative  positions  by  simply  relying  on  the  calibrated  frequency  shift  on  the  laser  control 
panel!  Absolute  positions  are  of  course  required  to  determine  the  laser  frequencies  needed 
for  a  separation  plant. 

Just  as  with  the  2eV  level,  the  4eV  levels  show  hyperfine  structure.  Indeed,  a  double 
fluorescence  experiment  with  CW  lasers,  one  scanning  and  one  fixed  (which  gives  essentially 
doppler-free  fluorescence)  yields  mind-boggl ingly  complicated  results  (Fig  7).  One  can 
obtain  four  such  sets  of  results,  all  equally  useless,  by  scanning  either  laser  and  by  using 
parallel  or  opposed  beams.  A  much  more  immediately  appealing  picture  is  obtained  by  a 
raster  scan  technique,  in  which  both  lasers  are  scanned,  one  rapidly  and  one  slowly,  and  the 
fluorescence  displayed  as  bright-up  on  an  oscilloscope  whose  horizontal  and  vertical  scans 
are  matched  to  the  two  lasers  (Fig  8).  Even  better  would  be  a  mock  3-D  computer  display  : 
we  were  not  sufficiently  familiar  with  ttiis  technique  when  these  experiments  were  performed 
several  years  ago.  Again  the  4eV  level  hyperfine  parameters  can  be  deduced  and  useii  in  a 
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sufficiently  all-embracing  theory. 

The  third  step,  to  a  level  at  fieV  which  ionises,  was  quite  literally  a  step  into  the 
unknown.  No  information  had  been  published  on  the  position  or  access  of  levels  which  were 
either  auto-ionising,  or  which  could  be  induced  to  ionise  by,  say,  the  imposition  of  an 
electric  field.  We  sought  these  levels  using  three  pulsed  lasers  and  an  atomic  beam,  the 
first  two  lasers  being  injection  locked  (and  single  moded)  by  two  CW  lasers,  each  in  turn 
actively  locked  to  fluorescence  from  a  uranium  sputter  lamp  (Fig  9).  All  three  pulsed 
lasers  were  driven  by  a  single  copper  vapour  laser.  Pulsed  lasers  were  required  in  this 
search  partly  to  give  a  good  chance  of  further  excitation  from  the  short  lived  2  and  4eV 
levels  (lifetimes  ~  lOOnsec)  and  partly  because  the  cross-section  for  excitation  to  levels 
above  the  continuum  (auto-ionising  levels)  was  expected  to  be  small.  Continuous  scanning  of 
the  third  laser,  with  the  first  twm  locked  to  chosen  utaniur'  t rons i t ior n ,  immediately 
yielded  copious  ionisation  :  a  short  length  of  a  typical  auto- ion isat ion  spectrum  is  shown 
(Fig  m). 

The  auto  ionising  cross-section,  which  may  well  be  the  critical  parameter  determining 
the  commercial  viability  of  the  process,  was  measured  using  a  fairly  conventional  saturation 
technique  (Fig  11),  and  has  since  been  confirmed  absolutely  using  vapour  at  known  density, 
and  known  laser  energies,  by  measuring  ion  current.  Some  levels  turn  out  to  have  quite  high 
cross-sections,  in  the  region  of  in“^'cm^.  The  lifetimes  of  these  levels  may  be  measured 
indirectly  by  measuring  their  spectral  width  :  for  this  we  used  a  scanning  CW  ring  laser, 
pulse  amplified,  to  ensure  that  the  bandwidth  of  the  laser  was  negligible,  and  the  measured 
lifetimes  ranged  up  to  a  few  hundred  picoseconds  (and  down  to  indefinitely  small  values). 

The  accuracy  of  the  pulse-amplified  CW  laser  permits  investigation  of  various  exotica  such 
as  the  Stark  effect  and  coupling  via  parity-forbidden  transitions,  etc,  which  are  not 
particularly  relevant  to  this  conference. 

The  Vapour  Stream 

The  evaporation  of  uranium  by  electron  beam  heating  of  a  melt  contained  in  a  cooled 
crucible  has  been  universally  adopted,  not  least  because  of  the  alkahest  properties  of 
uranium.  There  is  an  evident  requirement  to  know  such  parameters  of  this  stream  as 
velocity,  temperature  etc,  and  lasers  were  used  extensively  in  this  investigation.  The 
values  for  these  parameters  depend  both  on  the  starting  conditions  (electron  beam  power, 
etc),  and  on  the  geometry,  being  different  for  point-source  and  line-source  evaporators. 

The  vapour  streaming  velocity  has  been  measured  by  a  very  simple  double  pass  CW  beam, 
the  light  being  directed  downwards  through  the  upwardly  streaming  vapour  to  a  mirror,  which 
reflects  it  upwards  again.  Observation  of  fluorescence  as  the  laser  is  scanned  yields  the 
vapour  velocity  as  the  separation  between  the  two  doppler-shif ted  fluorescence  peaks,  and 
also  a  quantity  which  can  be  identified  as  a  kinetic  temperature  from  the  width  of  the  peaks 
(Fig  12).  The  velocities  measured,  around  lO^cm  sec"  ,  are  rather  higher  than  elementary 
considerations  would  indicate  due  to  the  good  transfer  between  internal  energy  of  the  atom 
(metastable  states)  and  translational  energy.  Similar  methods  measure  the  line-of-sight 
temperature  in  a  linear  evaporator. 

The  excitation  temperature  of  the  vapour,  a  measure  of  the  internal  energy,  was 
obtained  by  measuring  the  relative  populations  of  various  excited  states,  either  by 
absorption  of  a  CW  beam  or  by  pulsed  laser  fluorescence.  The  temperature  is  quite  low, 
typically  in  the  l-2n00°C  range  (compared  with  the  3000+  temperature  of  the  source),  again 
inciicating  good  a  internal-external  energy  transfer. 

In  passing,  the  source  temperature  is  sufficient  to  give  appreciable  thermal 
ionisation,  and  in  some  sources  the  ion  velocity,  kinetic  and  excitation  temperatures  have 
been  measured  in  a  manner  similar  to  the  atomic  parameters. 

The  Ion  Fxtractor 


For  very  low  densities,  eg  an  atomic  beam,  elementary  electrostatic  collection  is 
adequate,  and  we  show  an  illustration  of  what  we  term  the  spectroscopic  selectivity  obtained 
in  such  an  apparatus  (Fig  13).  However,  at  production  densities  (>  1(1^^  atoms  238  cm"^)  the 
ion  extraction  becomes  a  plasma  process,  whose  complexity  depends  on  the  method  used. 

Pulsed  lasers  have  been  used  to  study  time-resolved  local  ion  motion  by  doppler-shif ted 
fluorescence  :  the  basic  principles  are  not  sufficiently  different  from  the  atomic  stream 
measurements  to  warrant  separate  description.  In  many  circumstances  the  laser  measurements 
are  largely  an  aid  to  the  interpretation  of  electrical  diagnostic  methods. 
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Conclusions 


The  dividing  line  between  physics  and  technology  in  the  Laser  Enrichment  process  is 
shadowy.  It  is,  therefore,  difficult  to  say  in  which  of  these  fields  laser  methods  have 
made  the  most  impact.  Nevertheless,  it  remains  true  to  say  that  without  the  use  of  lasers 
to  establish  a  range  of  basic  parameters,  the  development  of  an  enrichment  process  would  be 
at  the  very  least  extremely  difficult.  As  it  is,  the  effectiveness  of  the  methods  is  shown 
in  Figure  14,  which  displays  the  energy-resolved  alpha  spectra  from  two  sample  plates, 
briefly  exposed  on  one  collector  plate  in  a  small  evaporator.  One  example  was  taken  without 
lasers  running,  and  shows  the  238U,  23‘iU,  2341)  alpha  peaks  in  natural  uranium.  The  other 
shows  the  effect  of  laser  irradiation  ;  the  enrichment  in  2351)  is  about  9-fold,  more  than 
adeguate  for  any  present  or  future  civil  nuclear  power  programme.  We  conclude  that  the 
information  given  by  laser  diagnostic  methods  is  both  accurate  and  adequate. 


2.  Dye  amplifiers  In  operation. 
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Abstract 


The  infrared  laser  predissociation  spectrum  of  the  weakly  bound  molecular  complex 
0C--HF  is  obtained  in  the  region  of  the  vj  (H--F  stretching)  fundamental  vibrational  mode. 
Rovibrational  analysis  of  the  fundamental  yields  values  of  0.104  2510(20)  cm-^  and 
2.90(3)  X  10-^  cm-^,  respectively,  for  the  excited  state  (1000°0'')  molecular  constants  B' 
and  D'j.  Predissociative  lifetimes  for  unoerturbed  rotational  levels  of  this  excited  state 
are  determined  to  be  0.9  ±  0.1  ns,  and  are  found  to  exhibit  no  measurable  J-dependence  for 
J'£  21.  Observation  of  low  J  transitions  in  the  associated  hot  band  vi  +  V5  -  V5  allow  the 
unambiguous  J-labelling  of  this  band  and  the  determination  of  ground  (0000°lM  and  excited 
(1000°lM  state  rotational  constants. 


Introduction 


In  the  last  two  years,  the  infrared  spectra  of  a  number  of  weakly  bound  complexes 
between  hydrogen  fluoride  and  rare  gas  atoms  or  diatomic  molecules  have  been  observed  in 
supersonic  molecular  beam  experiments . ^ ^ ®  Two  methods  have  been  used  for  these  studies; 
one,  applied  by  Miller  and  coworkers,  involves  the  bolometric  detection  of  predissociation 
in  an  expansion  from  an  axially  symmetric  nozzle  source. i-®  The  other  technique,  which  was 
developed  by  Lovejoy,  Schuder,  and  Nesbitt,  takes  advantage  of  the  larger  absortion  path- 
length  and  greater  beam  intensity  possible  in  an  expansion  from  a  pulsed  slit  nozzle  by 
detecting  direct  absorption  of  infrared  laser  radiation  by  complex  molecules  in  the  super¬ 
sonic  beam.^-^®  Both  methods  allowed  the  rovibrational  structure  of  the  vj  (H--F  stretching) 
fundamental  mode  to  be  resolved  for  the  complexes,  and,  in  the  spectra  obtained  by  Nesbitt 
and  coworkers,  combination  and  hot  bands  were  also  observed  and  analyzed.  From  these 
analyses  of  rotational  structure  in  vibrational ly  excited  complexes,  information  on  the 
potential  energy  surface  away  from  the  global  minimum  can  be  acquired.  The  sub-Doppler 
nature  of  the  spectra  also  permit  the  lifetime  of  the  predissociating  states  to  be  accur¬ 
ately  determined. 

The  infrared  spectrum  of  the  complex  0C--HF  in  the  region  of  the  vj  fundamental  and 
associated  hot  bands  had  been  observed  a  few  years  ago  using  a  sequential  mode  hop  tuned 
color  center  laser  and  a  low  pressure,  low  temperature  gas  phase  mixture  of  CO  and  HF  in  a 
White  cell*^,  but  the  i n st rumenta 1  linewidth  of  the  laser  and  pressure  broadening  contributed 
largely  to  the  900-1500  MHz  FWHM  linewidth  of  the  observed  transitions.  Only  the 
fundamental  was  resolved  sufficiently  for  analysis,  and  the  lack  of  pressure  broadening 
parameters  precluded  more  than  a  lower  limit  estimate  for  the  excited  state  lifetime. 

In  the  present  work  we  have  used  the  supersonic  molecular  beam  technioue  with  bolometric 
detection  of  predissociation  to  reinvestigate  the  vi  fundamental  in  0C--HF,  with  the 
objective  of  obtaining  more  precise  molecular  constants  and  accurate  excited  state  life¬ 
times.  The  vj  +  V5  -  V5  hot  band,  which  is  severely  overlapped  with  the  R  branch  of  the 
vi  fundamental  in  the  gas  phase  spectrum,  is  resolved  in  the  supersonic  beam  soectrum. 
Unambiguous  J-labelling  of  this  hot  band  allows  the  ground  and  excited  state  molecular 
constants  to  be  determined.  In  addition,  the  linewidths  of  the  vj  fundamental  transitions 
are  examined  for  any  evidence  of  J-dependence  in  the  predissociative  lifetimes  of  the 
excited  states.  The  results  of  this  work  will  be  compared  to  the  recently  published 
results  of  Jucks  and  Miller  for  the  same  complex.® 

Experimental 

The  color  center  laser  and  components  necessary  for  continuously  computer-controlled 
scanning  and  monitoring  the  output  have  been  described  previously.'"  In  this  work  the  KCl  ; 

Li  crystal  of  the  laser  is  pumped  with  the  647.1  nm  line  of  a  Kr'*'  laser.  Output  powers  of 
the  color  center  laser  are  of  the  order  of  10-12  mW,  and  the  single  mode  linewidth  is 
estimated  to  be  ^3  MHz.  Relative  and  absolute  frequency  determinations  are  made  by 
s ■ mu  1 1 aneous 1 y  recording  the  transmission  spectra  of  a  3  OHz  and  a  temperature  controlled 
150  MHz  marker  etalon,  and  a  reference  cell  containing  low  pressure  water  vapor.  Water 
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lines  in  the  region  of  the  vi  fundamental  of  0C--HF  require  that  the  entirety  of  the 
infrared  beam  path  be  under  vacuum. 

A  supersonic  jet  is  produced  by  expanding  a  mixture  of  HF  (0.7.)  and  CO  (5.)  in  helium 
through  the  35  u-diam  pinhole  of  the  room  temperature  nozzle.  The  molecular  beam  is  then 
formed  by  placing  a  250  j-diam  skimmer  10  mm  downstream  of  the  pinhole.  The  laser  output 
is  mechanically  chopped  at  100  Hz  and  initially  intersects  the  molecular  beam  7.0  cm  down¬ 
stream  of  the  pinhole.  Two  flat  mirrors  ther  multipass  the  infrared  beam  across  the 
molecular  beam  7.0  cm  downstream  of  the  pinhole.  Two  flat  mirrors  then  multipass  the 
infrared  beam  across  the  molecular  beam  a  total  of  27  times.  The  Ge:Ga  bolometer,  operated 
below  the  A  point  of  liquid  helium,  is  positioned  52.5  cm  from  the  pinhole.  When  the 
modulated  infrared  radiation  is  tuned  to  a  transition  to  a  predissociating  level  in 
a  molecular  complex,  the  resultant  reduction  in  molecular  beam  momentum  flux  is  detected 
by  the  bolometer. 


Results  and  Discussion 


Figure  1  shows  the  R(13)  transition  observed  in  the  vj  fundamental  spectrum.  Transi¬ 
tion  frequencies  are  determined  by  reference  to  the  water  line  at  3843.50529  cm"‘,‘^  and 
are  listed  for  all  observed  lines  in  Table  1.  A  number  of  these  lines  are  split  into 
components  of  varying  intensity  and  width.  In  their  supersonic  beam  study  of  this  band'"", 
ducks  and  Miller  reported  perturbations  in  some  of  the  low  J  transitions  (J  for  their 
spectrum  was  5).  Here,  where  J  =  13,  the  S/N  of  the  low  J  transitions  i s^i nsu f f i c  i  ent 
to  observe  the  sharp,  weak  sideB§?lds  those  authors  described,  but  additional  perturbations 
can  be  seen  for  higher  J  transitions  not  observable  in  the  colder  soectrum. 

The  unperturbed  transition  frequencies  were  fit  to  the  5-parameter  energy  expression 
for  a  i*-l  transition, 

E{v)  =  Vo  +  +  -  D' jJ ' 2( J ■  +  !  )2  .  B"J"(J”  +  1)  -  D"jJ"2(J"  +  1)2  ,  (1) 

with  the  ground  state  constants  B"  and  0",  constrained  to  the  microwave  values^'*  of 
0.102  2007  cm-^  and  3.255  x  10-'^  cm-^,  respectively.  The  results  of  this  fit  are  given  in 
Table  2.  Good  agreement  is  found  for  the  frequency  separations  between  individual 
transitions  in  this  work  and  that  of  ducks  and  Miller,  except  for  the  separation  between 
R(8)a  and  R{9).  The  tabulated  data  in  their  study  indicates  a  separation  of  0.2495  cm-', 
while  measurements  for  three  scans  obtained  on  different  days  gave  values  for  us  of  0.2439, 
0.2449,  and  0.2444  cm-'.  This  discrepancy  produces  a  relative  shift  with  respect  to  our 
data  in  the  transition  frequencies  of  lines  R(9)  through  R{12),  which  was  the  highest  d 
transition  ducks  and  Miller  observed,  and  probably  accounts  for  the  difference  in  mole¬ 
cular  constants  obtained  from  these  two  beam  experiments  (Table  2). 

The  measured  predi ssoci ati ve  line  broadening  we  have  observed  agrees  well  with  the 
value  of  190  t  10  MHz  FWHM  given  by  ducks  and  Miller.  We  have  measure  this  linewidth 
for  all  unperturbed  transitions  of  sufficiently  high  intensity  (d'  21),  and  have  found 

no  evidence  of  any  increase  in  FWHM  with  increasing  rotational  energy. 

Figure  2  shows  the  R{14)  transition  of  the  u]  fundamental,  and  close  to  it  a  very 
weak  transition  attributed  to  the  P(10)  line  of  the  hot  band  vj  +  V5'  -  V5'.  This  hot 
band,  which  was  assigned  but  not  analyzed  in  the  previous  gas  phase  study,''  was  not 
reported  in  the  work  of  ducks  and  Miller.  Both  the  ground  (ODOO"!')  and  excited  state 
(lOOOO"!')  of  the  complex  have  a  single  quantum  of  energy  in  the  doubly  degenerate  mode 
V5'.  The  lowest  d  transitions  are  observable  in  this  band,  allowing  for  an  unambiguous 
d-labelling  of  the  band  in  the  absence  of  microwave  data  for  the  (0000^1')  state.  The 
S/N  of  the  transitions  is  very  low,  and  hence  1-type  doubling  is  not  discernable.  From 
a  fit  of  this  hot  band  data,  the  rotational  constants  are  determined  and  are  given  in 
Table  3.  The  relatively  high  uncertainty  in  the  values  obtained  reflect  the  low  S/N, 
and  the  fit  to  unresolved  1-doublets. 

Further  investigation  of  this  region  of  the  0C--HF  spectrum  will  be  undertaken  in  a 
subsequent  analysis.'"  The  hot  bands  vi+  U5'  -  V]  +  gpjj  ai,.e  of 

particular  interest  and  hence  a  gas  phase  study  will  be  an  important  complement  to  this 
molecular  beam  work. 
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Table  1 .  Observed  transitions  in  the  vi  fundamental  spectrum. 

The  transitions  marked  by  an  asterisk  were  observed  to  be 
the  perturbed  by  Jucks  and  Miller.  The  most  intense 
component  of  a  perturbed  transition  is  labelled  with  a 
superscript  a. 


transition 

observed  frequency  (cm- 

P(14) 

3841 .5480 

P(13) 

3841.6979 

P(12) 

3841.8534 

P(11) 

3842.0114 

*P(10)a 

3842.1743 

*P(9)a 

3842.3390 

P(8]b 

3842.4995 

P(8)a 

3842.5194 

P(7) 

3842.6886 

P(6) 

3842.8682 

P(5) 

3842.0517 

P(4) 

3843.2397 

P(3) 

3844.4312 

P(2) 

3843.6269 

P(1) 

3843.8280 

H(0) 

3844.2404 

R(1) 

3844.4531 

R(2) 

3844.6691 

R{3) 

3844.8906 

R(4) 

3845.1149 

R(5) 

3845.3444 

R(6)a 

3845.5650 

R(6)b 

3845.5846 

*R(7)a 

3845.8138 

*R(8)a 

3846.0556 

R(9) 

3846.2997 

R(10) 

3846.5492 

R(11) 

3846.8022 

R(12) 

C847.0604 

R(13) 

3847.3234 

R(14) 

3847.5877 

R(15) 

3847.8581 

R(16) 

3848.1320 

R(17)c 

3848.3996 

R(17)b 

3848.4024 

R(17)a 

3848.4111 

R(18)b 

3848.6879 

R(18)a 

3848.6916 

R(19) 

3848.9772 

R(20) 

3849.2672 

R{21) 

3849.5613 

R(22) 

3849.8604 

R(24) 

3850.4690 

1) 
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Table  2.  The  molecular  constants  for  the  vi  (IOOOOqO)  (1  OOOOQO)  band. 

The  constants  marked  with  an  asterisk  for  the  results  of  ref.  6  were  constrained 
to  the  corresponding  values  obtained  in  ref.  1 1 .  The  constants  marked  with  an 
asterisk  in  the  present  work  are  constrained  to  the  microwave  values  of  ref.  14. 


ref.  1 1 

ref.  6 

ref.  M 

present  work 

vo/cm'^ 

3844.0294(50) 

3844.0278 

3844.0320(2) 

B'Vcm-'l 

0.102  148(14) 

0.102  148* 

0.102  2007 

0.102  2007* 

Dj7cm'''x10'7 

3.8(1. 8) 

3.8* 

3.255 

3.255* 

B7cm-1 

0.104  196(14) 

0.104  208 

0.104  2510(20) 

Di'/cm-1  X  10'^ 

3.6(1. 8) 

3.6* 

2.90(3) 

Tables.  The  molecular  constants  obtained  for  the  vi  +  vs  -  v5  (IOOOO1 1)  (OOOOO1I) 
band. 

Vo/cm-1  3849.4441(17) 

B7cm-1  0.103  34(25) 

B'/cm-1  0.105  28(22) 
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Abstract 


Broadbanding  of  single  sideband  (SSB)  electro-optic  modulators  is  achieved  by  the  use  of 
multisection  dual  sweep  configurations.  The  large  bandwidths  suggest  the  application  of 
tunable  laser  sources  for  high-resolution  and  nonlinear  spectroscopy  in  solids,  gases  and 
plasmas.  Resonance  transitions  in  semiconductors;  vibrational  and  rotational  levels, 
including  Raman  and  raultiphoton  transitions  in  gases  can  be  explored.  Tunable  sources, 
optically  pumped  in  molecular  gases  or  mixed  in  second  and  third  order  nonlinear  crystals 
can  provide  radiation  over  a  wide  band  of  frequencies  in  the  IR  and  FIR  regions,  CW  or 
pulsed,  from  about  1 ym  to  the  millimeter  region.  Diagnostics  for  cyclotron  absorption  and 
emission  in  fusion  plasmas  can  be  used  in  high  field  Tokamaks  to  measure  electron  tempera¬ 
tures.  More  importantly,  the  broadband  modulator  now  makes  it  feasible  to  use  a  sensitive 
4-photon  coherent  scattering  technique  (CARS)  with  IR  and  FIR  lasers  for  measuring  the 
temperature  of  alpha  particles  and  ion  species  in  a  fusion  plasma  under  ignition 
condi t i ons  . 


Introduction 


Single  sideband  (SSB)  modulators  have  been  demonstrated  as  useful  techniques  for  modu¬ 
lating  laser  beams  efficiently.'  ^  Such  modulators  have  been  primarily  developed  for  radar 
and  communications.  The  need  for  broadbanding  these  devices  has  motivated  the  development 
of  new  schemes  to  achieve  this  objective.  Consequently,  we  have  demonstrated  theoretically 
that  broadbanding  is  accomplished  by  the  use  of  multisection  modulators  for  identical  and 
staggered-tuned  configurations.’  In  addition,  a  new  technique  of  tandem  dual  arrangement 
of  a  SSB  modulator"  further  enhances  the  broadband  capabilities  of  electro-optic  modu¬ 
lators  The  purpose  of  this  paper  is  to  discuss  the  application  of  the  broadband  modulator 
to  the  development  of  tunable  laser  sources  and  their  use  for  a  variety  of  high  resolution 
and  non-linear  spectroscopic  experiments  in  solids,  gases,  and  plasmas. 

In  order  to  understand  the  method  of  broadbanding,  it  is  instructive  to  review  the 
principle  of  single  sideband  (SSB)  modulation  of  a  laser  beam.  It  was  first  suggested  by 
Buhrer,  Baird,  and  Conwell'  that  SSB  modulation  can  be  achieved  with  an  electro-optic 
crystal  with  circularly  polarized  light  traveling  along  a  3-fold  axis.  Simultaneously  a 
circularly  polarized  electric  field  at  microwave  frequencies  in  a  traveling  wavegude  is 
applied  to  the  crystal.  Such  a  configuration  is  shown  in  Fig.  la  in  which  the  laser  and 
microwave  fields  are  rotating  in  the  same  sense.  The  frequencies  add,  and  the  resultant 
laser  beam  emerges  with  the  sum  frequency,  which  is  the  SSB,  circularly  polarized  in  the 
opposite  sense.  In  this  case,  we  use  a  CdTe  crystal  oriented  axially  along  the  [111] 
direction,  with  the  sides  cut  along  [iToj  and  the  [11?]  directions  as  shown  in  Fig.  lb. 
When  the  microwave  field  is  fed  in  quadrature  in  time  and  space,  the  field  is  circularly 
polarized  at  the  center  of  the  waveguide  designated  by  the  black  dot  representing  the  size 
of  the  laser  beam.  This  arrangement  has  been  demonstrated  by  Carter  and  Haus’  as  an  effi¬ 
cient  scheme  for  converting  the  frequency  of  a  CO^  laser  at  10.6ym  to  the  SSB  at  phase 
match,  when  the  crystal  is  sufficiently  long  and  the  microwave  power  is  relatively  high. 
The  condition  for  phase  matching  is  given  by  the  equations: 

Ap  =  P,- li,-p,=0  (la) 


(w,  -  0)\  (0  „ 

^-1^2---—  -  vr=-g^vr 


(lb) 


(Ic) 


This  work  was  sponsored  by  the  Department  of  the  Navy  for  SDIO. 
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where  u,  ,  and  are  the  SSB,  the  laser  and  the  microwave  frequencies  respectively 

and  satisfy  the  relations  lo,  =  +  Uy  e  =  7.2  and  e  ^  =  1 0 .  are  the  optical  and 

microwave  dielectric  constants,  which  differ  due  to  the  polar  character  of  CdTe.  For  f^ 
=  l6GHz,  Eq.  (1)  determines  the  value  of  a  =  5.2inm,  the  dimension  of  the  microwave  guide. 

The  theory  of  modulating  the  laser  beam  has  been  solved  by  the  use  of  coupled  mode 
equations  for  non-linear  mixing.  The  results  are  clearly  presented  in  Yariv  and  Yeh’  and 
are  expressed  in  their  notation  as  follows: 


^  /JO) 


K  =  rfrEJ  1.5  A 


+  ^  ,  S  =AP  12 


{2a) 

(2b) 

(2c) 


where  Ii(L)  is  the  intensity  of  the  SSB  and  I^CO)  that  of  the  input  laser  beam,  <  is  the 
clamped  electro-optic  coefficient  in  terms  of  n,  the  refractive  index,  T  the  effective 
electro-optic  coefficient  along  the  [111]  axis  and  E^  the  peak  amplitude  of  the  microwave 
field,  where  6  is  the  phase  mismatch  coefficient  and  L  the  length  of  the  crystal.  The 
result  of  Eq.  (2)  is  plotted  in  Fig.  2  as  the  conversion  efficiency,  which  for  L  =  30.8cm, 
Ppi  =  lOkW  microwave  power  yields  100?  conversion  on  phase  match,  i.e.  6=0.  However, 
wnen  the  frequency  is  varied  and  6  y  0,  at  15.3GHz  and  l6.7GHz  the  SSB  vanishes  due  to  the 
phase  mismatch  between  the  beat  optical  wavelength  and  the  microwaves.  To  overcome  this 
limitation,  we  have  devised  the  two  schemes  of  multisection  and  dual  arrangement  of  modu¬ 
lators  to  broadband  such  devices. 


Broadband  Modulator 

To  broadband  the  modulator,  we  propose  to  cut  the  crystal  in  sections  each  with  its  own 
microwave  housing  as  indicated  in  Fig.  3a.  The  purpose  of  this  is  to  correct  the  phase  of 
the  microwave  fed  into  each  section  in  order  to  compensate  for  the  phase  mismatch.  Since 
the  system  is  dispersive,  the  phase  correction  also  has  to  vary  accordingly  as  the  frequen¬ 
cy  is  tuned.  In  order  to  solve  this  problem,  we  have  developed  a  formal  theory  in  which  we 
solve  the  couple  mode  equations  for  each  section  and  incorporate  the  phase  correction  in 
the  off-diagonal  components  of  the  transfer  matrix  which  represents  the  solution.  Then  to 
obtain  the  overall  output,  we  multiply  the  matrices  representing  the  crystal  sections  and 
maximize  the  output  by  varying  the  phase  parameters.  The  formal  solution  reduces  to  a 
compact  form  for  the  general  case  and  is  given  by“ 


fCs  =sin^  I  X  sin  ■'  X-l 

J  (3a) 


where 


/sin  s.L. 

/ 


(3b) 


and  <  j  ,  6  j 

staggered  t 
power.  For 


,  Lj,  and  sj  are 
uned ,  i.e.  6  j  / 
identical  sections. 


independent  parameters  for  each  section 
6i  represent  different  values  of  length 
the  above  expression  reduces  to  a  Chebyshev 


which  can  be 
and  microwave 
form  given  by 


=  sinM/Vsin x} 

A  =  g  sin  sL  . 
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and  the  phase  correction  between  sections  is  given  by  41  where 


i//  =  2  tan  tan  sl} 


The  results  of  the  analysis  for  the  multiple  sections  have  been  carried  out  numerically  and 
are  given  in  graphic  form  in  Fig.  4.  The  graphs  show  that  for  a  desired  efficiency  the 
bandwidth  increases  with  the  number  of  sections.  For  example,  the  3dB  level  for  a  single 
section  is  0.6GHz  whereas  for  six  sections  it  is  6GHz,  an  order  of  magnitude  increase.  In 
addition,  we  have  shown  analytically  and  numerically  that  the  phase  correction  has  negative 
dispersion  with  frequency.  This  can  be  achieved  with  a  ferrite  phase  shifter  or  an 
appropriate  negative  dispersion  microwave  circuit.  The  alternative,  as  shown  in  Fig.  3b, 
is  to  use  multiple  TWT ' s  connected  with  suitable  lengths  of  coaxial  cable,  whose  dispersive 
delay  compensates  for  the  net  positive  phase  delay  between  the  front  end  of  each  crystal 
section  as  calculated  from  theory. 

To  further  improve  the  broadband  characteristics  of  the  modulators,  we  can  place  two 
of  them  in  taraden  as  shown  in  Fig.  5;  the  first,  which  is  in  itself  an  efficient  broadband 
device  (can  be  multiple  section),  adds  the  laser  and  microwave  frequencies,  including  the 
chirp.  The  second,  which  accepts  the  output  of  the  first,  subtracts  the  frequencies. 
However,  the  first  is  driven  by  a  waveform  in  which  the  chirp  is  positively  swept;  whereas, 
the  second  is  swept  with  the  lower  sideband  and  negatively  chirped.  The  net  result  of  the 
polarization  arrangement  shown  in  Fig.  5  is  that  the  output  of  the  dual  tandem  modulator  is 
the  recovery  of  the  original  laser  base  band  frequency  which  is  swept  with  twice  the  chirp 
bandwith.  Although  there  is  a  slight  sacrifice  overall  in  efficiency,  the  characteristics 
of  the  broadband  curves  of  Fig.  4  indicate  that  effectively  we  have  doubled  the  bandwidth 
of  the  modulator.  The  advantage  is  that  it  can  achieve  this  with  microwave  components, 
whose  bandwidth  may  also  be  limited.  This  particular  dual  arrangement  of  modulators 
becomes  even  more  attractive  at  shorter  wavelengths*,  where  solid  state  laser  amplifiers 
have  the  bandwidth  to  accommodate  the  broadband  tuning. 

Tunable  Sources 


During  the  1970's  great  interest  was  shown  for  the  development  of  tunable  sources. 
One  of  the  applications  was  isotope  separation  which  instigated  a  great  need  for  tunable 
sources  in  the  infrared.  In  particular,  the  TEA  C02  laser  was  a  favorite  source  for  multi¬ 
photon  dissociation  of  molecular  gases.*  This  required  high  power  pulsed  sources,  which 
could  be  tuned.  Usually  a  grating  was  used  to  obtain  step  tunable  lines  of  the  P  and  R 
branch  transitions.  The  broadband  microwave  modulator  described  in  this  paper  can  now 
provide  the  fine  tuning  with  efficient  conversion  to  provide  resonant  pumping  of  a  parti¬ 
cular  molecule  for  non-linearly  induced  multiphoton  transitions.  In  addition,  two  such 
tunable  TEA  COj  lasers  can  be  mixed  efficiently  in  a  third  order  non-linear  crystal  such  as 
Ge’  to  extend  the  tunable  range  of  the  COj  laser  to  the  shorter  and  longer  wavelengths  in 
the  8ym  and  12ym  ranges.  Thus,  linear  and  non-linear  spectroscopy  can  be  achieved  with 
such  tunable  sources  in  this  region  of  the  far-infrared  (FIR).  With  the  use  of  efficient 
doubling  crystals  such  as  TAS®,  we  can  double  these  frequencies  into  the  4  to  Gym  region, 
with  fine  tuning  electronically  by  the  use  of  the  modulators,  since  the  bandwidth  of  the 
doubling  process  can  accommodate  the  modulator  tuning  without  reorienting  the  birefringent 
crystal . 

Another  region  of  the  electromagnetic  spectrum  that  would  benefit  from  the  use  of  the 
broadband  modulator  is  the  submilliraeter  region.  During  the  previous  decade,  Aggarwal  and 
Lax*  and  coworkers  developed  non-collinear  techniques  for  optical  mixing  of  two  COz  lasers 
in  GaAs  to  generate  “4000  discrete  frequencies  which  spanned  the  region  from  70ym  to  well 
into  the  millimeter  region,  about  two  decades.  The  results  of  their  experiments*  are  shown 
in  Figure  6  with  about  100  representative  lines  and  some  of  the  COj  laser  transitions  uti¬ 
lized  to  obtain  them.  In  order  to  tune  these  transitions,  the  gratings  of  the  CO^  lasers 
were  driven  to  peak  at  each  transition,  simultaneously  a  mirror  was  driven  by  a  cam 
arrangement  to  adjust  the  angle  between  the  two  beams  to  the  desired  phase  match  angle  to 
an  accuracy  less  than  0.1°.  The  experiments  achieved  relatively  higher  efficiencies  by  the 
use  of  large  crystals  with  folded  geometries*®  to  produce  “lOkW  pulses  at  lOOym  and  a 
microwatt  CW ,  still  preserving  the  coherence  of  the  input  lasers.  With  further  improve¬ 
ments  and  use  of  microprocessors  this  arrangement  together  with  the  electro-optic  modu¬ 
lators,  the  entire  frequency  range  can  be  covered  automatically,  overcoming  the  limitation 
of  discrete  tuning.  Such  a  facility  can  readily  replace  the  FEL  at  Santa  Barbara*'  with 
superior  performance  and  much  lower  funding  and  space  requirements.  This  system  can  be 
readily  tuned  within  seconds;  whereas,  in  the  FEL  one  has  to  adjust  the  beam  energy  and  the 
wiggler  separation,  which  takes  orders  of  magnitude  longer.  The  microwave  TWT  drivers  can 
also  drive  other  modulators  using  solid-state  lasers  and  others  lasers  to  cover  the  near 
and  FIR  regions  spanning  wavelengths  from  £1 ym  well  into  the  millimeter  region. 
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Spectroscopic  Applications 


The  availability  of  tunable  sources  over  a  wide  region  of  the  spectrum  is  needed  to 
study  a  variety  of  resonance  phenomena  such  as  cyclotron  resonance,  spin  resonance  and 
impurity  transitions  in  solids,  such  as  semiconductors.  In  the  submillimeter  region,  these 
have  been  studied  using  Fourier  transform  spectrometers  and  fixed  frequency  molecular 
lasers  with  tunable  magnetic  fields.  When  the  linewidths  are  broad,  the  calibration  of  the 
magnetic  field  or  that  of  the  Fourier  spectrometer  is  adequate.  However,  if  the  line  is 
relatively  narrow,  a  broadband  modulator,  whose  tunable  microwave  frequency  is  more 
precisely  known,  would  then  provide  the  desired  high  resolution.  Sometimes  it  is  more 
convenient  to  fix  the  magnetic  field  near  the  resonance  and  tune  the  frequency.  For  both 
linear  and  non-linear  studies  in  solids  this  alternative  is  desirable. 

Another  application  where  a  tunable  source  in  the  submillimeter  region  is  useful  is  the 
study  of  Raman  transitions*  in  molecular  gases  and  their  application  for  tunable  Raman 
lasers.  For  example,  Raman  transitions  have  been  studied  in  such  molecules  as  ‘^CHjF. 
These  have  been  pumped  by  a  COj  TEA  laser,  exciting  transitions  between  vibrational  levels 
as  indicated  in  Fig.  7  where  the  selection  rules  for  a  dipole  transition  Av=+1,  AJ=+1,~1, 
for  R  and  P  transitions  respectively.  The  far  infrared  induced  transition  is  between 
rotational  states  J  and  J-1.  These  transitions  can  be  resonant  if  the  excitation  energy  of 
the  CO  2  laser  is  coincident  with  that  of  the  molecule  irradiated.  In  general,  this  is  not 
the  case  since  the  incident  photon  energy  is  not  equal  to  the  energy  separation  between  the 
lower  and  the  upper  levels.  It  is  then  assumed  that  a  virtual  transition  takes  place  as 
indicated  by  the  dotted  line.  Then  a  photon  is  emitted  between  the  virtual  level  and  the 
nearest  lower  rotational  level.  This  is  the  Raman  process.  Thus,  if  one  tunes  the  pump 
laser  such  as  the  COj  laser,  one  also  obtains  tunable  radiation  in  the  far  infrared 
(submillimeter)  region.  This  has  been  done  by  using  grating  tuning  and  exciting  different 
J  transitions,  giving  a  number  of  selected  values  of  6p  or  energy  offset.  A  more  system¬ 
atic  way  of  achieving  the  objective  of  tuning  was  to  construct  a  high  pressure  multi-atmos¬ 
phere  TEA  laser,  which  can  be  tuned  continuously  by  a  grating.  An  alternative  which  is  now 
available  is  to  use  the  broadband  multisection  modulator  to  tune  a  coramerical  atmospheric 
laser.  The  amplitude  characteristics  and  the  frequency  identification  of  the  exciting 
radiation  are  superior.  Once  such  a  source  exists,  the  study  of  tunable  Raman  transition 
such  as  those  Indicated  in  Fig.  7  for  a  double  Raman  process  can  be  more  precisely  carried 
out.  The  correlation  between  theory  and  experiment  for  the  tuning  as  indicated  in  Fig.  8, 
and  the  relative  contribution  of  the  two  competing  transitions  can  be  quantitively 
examined . 


Plasma  Diagnostics 


The  use  of  lasers  for  plasma  diagnostics  in  the  subraillimeter  region  has  been  demon¬ 
strated  in  fusion  plasmas  of  Tokamaks.  Cyclotron  emission’^  and  absorption*’  have  been 
used  to  measure  the  temperature  of  the  electrons  as  a  function  of  position.  The  technique 
has  involved  optically  pumped  lasers  in  which  different  gases  were  used  for  a  few  selected 
frequencies.  The  combination  of  a  tunable  COj  laser  pumping  a  Raman-tuned  or  preferably  a 
resonantly  tuned  laser  in  a  few  selected  gases  would  provide  a  more  versatile  source  for 
such  diagnostics.  The  broadband  tuning  would  make  a  greater  number  of  frequencies  availa¬ 
ble  for  a  given  molecular  gas. 

Perhaps  the  most  significant  plasma  diagnostic  technique  that  would  benefit  from  the 
broadband  tunable  source  would  be  the  measurement  of  ion  and  alpha  particle  temperatures  in 
an  ignition  fusion  plasma.  It  has  been  demonstrated  that  ion  temperatures  in  a  Tokamak  can 
be  measured  by  Thomson  scattering  using  high  power  submilliraeter  lasers.**  The  signal-to- 
noise  ratios  in  these  experiments  for  a  variety  of  reasons  were  barely  marginal.  However, 
they  can  be  enhanced  by  orders  of  magnitude  by  using  a  coherent  four  wave  scattering  (CARS) 
proposed  by  Praddaude,  Scudder,  and  Lax*’  in  1979-  With  the  use  of  the  broadband  modulator 
pumping  a  Raman-tuned  subraillimeter  laser,  the  technique  is  now  feasible.  For  alpha 
particles,  this  would  require  10-20GHz  tuning  to  determine  the  spectral  characteristics  of 
the  energetic  ions.  With  two  sets  of  lasers,  which  are  mixed  in  the  plasma  to  provide  the 
coherent  density  fluctuations,  this  is  achievable.  The  scheme  for  scattering  is  shown  in 
Fig.  9,  in  which  two  intense  laser  beams  focussed  to  a  1cm’  volume  within  a  Tokamak,  would 
be  scattered  in  a  coherent  fashion  in  a  nearly  forward  direction.  Alternatively,  a  third 
laser  beam  at  right  angle  would  be  scattered  by  the  fluctuations  induced  by  the  first  two 
lasers.  The  scattered  signal,  which  has  the  frequency  or  =  u3+(u,-u2)  is 
detected  by  a  heterodyne  technique.  The  enhancement  in  scattering  is  due  to  a  resonance  in 
which  to,-u)2  represents  the  difference  of  the  two  tunable  exciting  lasers  corresponding  to 
the  Doppler  shift  spread  of  the  various  ion  species.  Furthermore,  unlike  Thomson  scat¬ 
tering,  which  is  spontaneous  and  spread  over  a  steradian  solid  angle,  the  coherent 
scattering  is  confined  to  a  small  solid  angle  of  the  order  10“’  steradians.  When  these 
effects  are  incorporated  into  the  theory,  it  has  been  shown  that  the  relative  efficiency  of 
the  CARS  scattering  at  about  300pm  would  be  of  the  order  of  10*,  four  orders  of  magnitude 
larger  than  that  of  the  Thomson  scattering 
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Conclusions 


In  this  paper  we  have  described  two  techniques  of  broadbanding  the  frequency  modulation 
of  lasers.  The  achievable  bandwidth  is  about  10GHz  for  CO^  lasers  and  even  greater  for 
shorter  wavelength  lasers.  The  techniques  involve  multisection  modulator  structures  with  a 
dual  counter  frequency  modulation  tandem  arrangement.  Such  modulators  are  being  developed 
for  radar  and  communication  applications.  The  spin-off  for  basic  science  in  the  realm  of 
spectroscopy  has  been  illustrated  for  solids,  gases,  and  plasmas.  In  particular,  resonance 
phenomena  in  solids  and  Raman  spectroscopy  in  molecular  gases  were  elaborated.  Non-linear 
phenomena  such  as  multiphoton  excitation,  saturation  effects  and  non-linear  tunable 
spectroscopic  techniques  were  not  discussed.  Nevertheless,  there  are  many  such  phenomena 
that  would  benefit  from  the  use  of  tunable  high-power  laser  sources.  Plasma  diagnostics 
involving  cyclotron  resonance  and  scattering  in  fusion  plasmas  are  illustrative  examples. 
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METAL  FINS 


Fig. 


ANALYZER 


1(a)  SSB  CdTe  modulator  showing  circular  polarization  of  laser  beams  (small 
squares)  and  microwave  polarization  (large  squares)  (after  Ref.  2). 


V//A  CRYSTAL 

metallic  waveguide  boundary 


Fig.  1(b)  Crystal  orientation  in  square  microwave  waveguide  (after  Ref.  2). 
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FREQUENCY  (GHz) 


Fig.  2  Conversion  efficiency  of  single  section  SSB  CdTe  modulator, 
at  10.6um,  for  phase  match  at  fy=16GHz,  as  a  function  of 
the  microwave  frequency  (after  Ref.  3). 


Fig.  3(a)  Multisection  modulator  showing  microwave  phase  corrections  and  between  sections. 

uj,  u)2’  3'^'^  “u  3*^®  SSB,  laser  microwave  frequencies,  respectively,  (b)  Multi-TWT  drive  with 
((ig,  $13,  and  $(.,  which  are  the  phase  corrections  of  the  successive  sections  (after  Ref.  3). 
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CONVERSION  EFFICIENCY 


Fig.  5  Dual  broadband  SSB  modulator  with  double  sideband  counter  swept  frequencies  to 

yield  the  original  laser  frequency  fL  and  twice  the  sweep  frequency  (after  Ref. 4), 


SSB  CONVERSION  EFF.  (Rm) 


RELATIVE  FREQUENCY  (GHz)  DIFFERENCE  FREQUENCY.  103  (cm  ’) 


Fig.  4  Conversion  efficiency  of  multiple  section  Fig.  6  Result  of  the  non-col 1  inear  phase  match 
SSB  modulator  as  a  function  of  frequency  optical  mixing  of  two  grating  tuned  CO2 

for  optimal  phase  adjustment  (after  Ref.  3).  lasers  in  GaAs.  For  each  discrete 

difference  frequency  from  70um  to  beyond 
1mm  there  is  a  precise  phase  angle  (after 
Ref.  6). 
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Fig.  7  Diagram  of  the  double  Raman  process  in  Fig.  8  Experimental  results  for  R-branch 

a  molecular  gas  for  a  tunable  FIR  laser,  tuning  of  a  Raman  laser.  —  lines 

un  is  the  CO2  pump  frequency  and  usp  is  indicate  results  of  theory  (after 

tne  FIR  laser  emission  frequency  (after  Ref.  6). 

Ref.  6). 


{O4  =  <0,  +  «0,  -  (Oj) 


rig.  9  Diagram  of  two  possible  arrangements  of  the  coherent  4-wa/e  scattering 
plasma  diagnostic  technique  (CARS),  aa  is  the  scattered  wave  and 
u2-u)2=ion  or  alpha  particle  Doppler  frequencies. 
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A  1,2  FLUORINE  MIGRATION  IN  THE  MULTIPHOTON  ISOMERIZATION  OF  TETRAFLUOROCYCLOPROPENE 

D.  C.  Tardy,  H.  B.  Friedrich,  D.  J.  Burton 
Department  of  Chemistry,  The  University  of  Iowa 
Iowa  City,  Iowa  52242 

ABSTRACT 

The  infrared  multiphoton  excitation  of  tetraf luorocyclopropene (TFCP)  leads  to  the 
unexpected  formation  of  the  tetraf luoroallene (TFA)  and  tetraf luoropropyne (TFP)  isomers  and 
not  the  elimination  of  CF^  as  has  been  reported  for  the  decomposition  of 
hexaf luorocyclopropane.  The  ratio  of  TFP  to  TFA  is  independent  of  fluence  and  pressure; 
no  other  products  are  formed.  The  conversion  per  pulse  increases  markedly  with  an 
increase  in  initial  TFCP  pressure  but  decreases  as  the  pressure  of  the  products  or  a 
buffer  gas  increases.  In  every  case,  the  isomerization  reaction  did  not  consume  more  than 
about  50%  of  the  initial  TFCP.  The  apparent  intramolecular  1,2-fluorine  migration 
required  to  form  the  products  is  discussed  in  terms  of  both  unimolecular  and  bimolecular 
processes.  The  observed  distribution  of  products  and  the  lack  of  fragmentation  do  not 
support  a  unimolecular  process  after  the  initial  excitation.  However,  the  high  conversion 
at  low  fluences  and  the  pressure  dependence  are  indicators  that  a  bimolecular  process  may 
be  the  dominant  path. 


INTRODUCTION 


The  mechanism  for  the  thermal  or  infrared  multiple-photon  excitation  of  cyclic 
f luoroalkanes  is  typically  different  from  that  for  the  unf luor inated  analog.  For  example, 
propene  is  the  sole  product  from  the  thermolysis  of  cyclopropane  (CP)  while  the  thermal 
decomposition  of  perf luorocyclopropane  (FCP)  leads  to  tetraf luoroethene;  no 
perf luoropropene  is  formed.  It  has  been  shown^  via  isotopic  substitution  that  the 
mechanism  for  CP  isomerization  is 


ring  opening  1,2  H  migration 

CP - >  .CH2CH2CH2. - >  CH3CH=CH2  (1) 

while  for  FCP  the  decomposition  mechanism^  is 

ring  opening  C-C  bond  rupture 

FCP - >  .CF2CF2CF2. - >  ;CF2  +  CF2=CF2  (2) 

The  Arrhenius  parameters^  for  CP  and  FCP  are  A=10^^*^  sec~^,  Eg=  65.5  kcal/mole  and  A=10^^ 
sec“^,  Eg=43  kcal/mole,  respectively.  The  ring  opening  of  CP  which  is  54.8  kcal/mole 
endothermic  has  a  critical  energy  of  64.1  kcal/mole  to  form  the  trimethylene  diradical 
intermediate;  the  trimethylene  can  either  reform  the  ring  with  a  critical  energy  of  9.3 
kcal/mole  or  undergo  a  1,2  H  migration  with  a  critical  energy  of  10.7  kcal/mole.  For  FCP 
the  critical  energy  for  ring  opening  is  "18.6  kcal/mole  while  the  C-C  bond  cleavage  is  23 
kcal/mole;  presumably  this  second  step  is  lower  than  that  for  the  potentially  competitive 
1,2  fluorine  migration. 


From  the  above  analogies  it  was  expected  that  tetraf luorocyclopropene  (TFCP)  would 
react  by  one  of  the  following  two  mechanisms: 


ring  opening  1,2  F  migration 

TFCP - >  .CF2CF=CF.  - >  CF3CSCF  (3a) 

- >  cF2=C=CF2  (3b) 

C-C  bond  rupture 
- >  .CF2  +  FC^CF  (4) 


combination 

CF2  +  CF2  - >  CF2=CF2 

However  it  has  been  reported^' ^  that  the  thermal  decomposition  of  TFCP  produces  dimers  and 
higher  oligomers  of  TFCP.  We  have  studied  the  infrared  multiple-photon  decomposition 
(IRMPD)  of  TFCP  and  find  the  products  [tetraf luoroallene  (TFA)  and  tetraf luoropropyne 
(TFP) )  resulting  from  path  3  instead  of  tetraf luoroethene  (from  the  combination  of  two 
;CF2)  and  dif luoroethyne  from  path  4.  Thus  contrary  to  the  FCP  reaction  it  would  appear 
that  the  apparent  fluorine  atom  migration  in  the  TFCP  system  has  a  lower  critical  energy 
than  that  for  the  C-C  bond  rupture.  Contrary  to  what  is  predicted  for  a  simple 
unimolecular  process,  our  IRMPD  results  do  show  a  dependence  for  the  conversion  per 
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initial  laser  pulse  on  Eluence  and  TFCP  pressure  while  the  product  ratio  is  independent  of 
these  experimental  parameters. 


EXPEkIHENTAL 

TFCP  was  prepare  by  the  method  of  Sargeant  and  Krespan^;  1,2- 
dichlorotetraf luorocyclopropane  (DCTFCP)  was  prepared  from  the  reaction  of  1,2- 
dichlorodif luoroethene  with  hexaf luoropropylene  oxide  and  the  DCTFCP  was  dechlor inated  to 
yield  TFCP.  This  sample  had  been  stored  for  five  years  at  room  temperature  without 
detectable  (<0.1%)  reaction. 

A  Tachisto  215G  CO2  laser  tuned  to  the  P(34)  line  of  the  00^1-10*^1  band  (931  cm”^)  or 
the  R(28)  of  the  00°0-'02°0  band  (1083  cm~^)  was  used  as  the  excitation  source;  these  lines 
overlap  with  the  symmetric  C-F  stretch  on  the  CF=CF  group  (929  cm“^)  and  the  asymmetric  C- 
F  stretch  on  the  CF2  group  (1093  cm~^)”.  Tht  specific  laser  line  was  identified  by  an 
Optical  Engineering  model  16A  COo  laser  spectrum  analyzer  while  the  pulse  energy  was 
monitored  with  a  Gen-Tec  model  Ed-500  joulemeter.  Most  experiments  were  conducted  with 
the  unfocused  laser  beam;  for  other  experiments  a  1.5”  diameter  AR  coated  germanium  lens 
with  a  6"  focal  length  was  placed  2.5"  and  3.5"  from  the  center  of  the  reaction  cell. 

This  amplified  the  fluence  by  factors  of  approximately  1.9  and  2.6,  respectively. 

Semiquantitative  thermal  reactions  of  TFCP  were  performed  with  a  0.15  L  pyrex  reactor. 
The  tubular  reactor  was  filled  with  8  torr  of  TFCP  and  immersed  into  a  heat  bath  at  250  C. 
After  a  specified  time  the  gas  was  expanded  into  the  IPMPD  reactor  and  analyzed  using  the 
same  procedure  as  described  below  for  the  laser  excitation  experiments. 

Infrared  spectra  were  obtained  using  an  IBM  Model  98  FTIR  instrument  at  1  cm~^ 
resolution.  The  gas  cells  (10  cm  long,  2.1  cm  i.d.  or  2.54  cm  long,  2.54  cm  i.d.)  were 
fitted  with  NaCl  windows.  The  pressure  of  TFCP  in  the  cells  was  measured  using  a  MRS 
Baratron  (#22BHS)  100  torr  capacitance  manometer  and/or  infrared  absorption  intensities. 
The  spectrum  of  the  products  was  obtained  by  subtracting  the  spectrum  of  TFCP  from  that  of 
the  mixture  of  products  and  TFCP;  band  areas  were  obtained  using  Simpson's  rule  with  a 
flat  baseline  drawn  between  the  limits  indicated  below. 

RESCLTS 

Except  for  weak  bands  due  to  a  DCTFCP  impurity  the  infrared  spectrum  of  a  4  torr  sample 
of  TFCP  is  in  agreement  with  that  reported  by  Craig”.  The  spectrum  of  the  products 
obtained  after  the  ^ectrum  of  the  remaining  TFCP  has  been  subtracted  is  almost  entirely 
due  to  TFA  and  TFP.''” 

The  ratio  of  the  area  of  a  TFP  band  (integration  limits  2395  to  2295  cm“^)  to  that  of  a 
TFA  band  (2100  to  1975  cm~^)  was  used  to  monitor  the  product  distribution;  this  ratio  is 
not  equal  to  the  actual  product  yield  ratio.  For  initial  TFCP  pressures  ranging  from  0.4 
to  8.5  torr,  fluences  from  0.8  to  2  J,  and  percent  conversions  from  1  to  50%,  the  ratio  of 
areas  for  the  25  experiments  remained  constant  at  0.206  +/-  0.009  independent  of  the  laser 
frequency  used. 

The  amounts  of  TFA  and  TFP  formed  were  directly  proportional  to  the  loss  of  TFCP.  In 
several  cases,  the  total  pressure  was  also  determined  as  a  function  of  percent  conversion 
and  varied  from  an  initial  pressure  of  7.60  tort  to  7.54  torr  after  80  pulses  (0.8 
J/pulse)  which  resulted  in  a  26%  conversion. 

The  conversion  per  pulse  increased  markedly  with  an  increase  in  initial  TFCP  pressure 
but  decreased  as  the  pressure  of  the  products  (i.e.  %  reaction)  increased.  With  unfocused 
radiation  and  an  initial  TFCP  pressure  of  0.2  torr  there  was  no  change  in  the  spectrum 
after  1100  pulses,  whereas  with  an  initial  pressure  of  8  torr,  29%  of  the  TFCP  was 
converted  to  TFA  and  TFP  after  a  single  2  J  pulse.  Based  on  the  area  of  the  burn  pattern 
on  thermal  paper,  the  first  laser  pulses  corresponds  to  about  100%  conversion  of  the  TFCP 
in  the  irradiated  volume.  Similar  behavior  was  observed  for  all  cases  studied,  i.e., 
initial  pressures  ranging  from  0.4  to  8.5  torr.  The  initial  extent  of  reaction  increases 
markedly  with  pressure;  a  20  fold  increase  in  pressure  (0.4  to  8.0  torr)  produces  a  factor 
of  100  in  the  initial  conversion  per  pulse.  No  quantitative  studies  of  the  reaction  at 
higher  pressures  were  performed,  but  the  conversion  at  8.5  torr  was  lower  than  that  at  8.0 
torr . 

With  an  initial  pressure  of  2  torr,  128  pulses  of  unfocused  radiation  resulted  in  13% 
conversion,  but  the  same  irradiation  of  a  sample  containing  1.5  torr  of  TFCP  and  6.6  torr 
of  argon  produced  no  change  i’'  the  TFCP  spectrum.  In  every  case,  the  apparent 
isomerization  reaction  did  not  consume  more  than  abv.ut  50%  of  the  initial  TFCP  using  the 
931  cm”^  laser  line;  conversions  up  to  60%  were  observed  when  the  1083  cm”^  line  was  used. 
For  example,  100  pulses  of  unfocused  irradiation  for  an  initial  TFCP  pressure  of  8.1  torr 
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r.sulted  in  40%  of  the  TFCP  isomerized  to  TFA  and  TFP;  1000  additional  pulses  resulted  in 

a  total  of  50%  loss  of  TFCP,  but  there  was  also  a  4%  loss  of  TFA  and  a  10%  loss  of  TFP 

relative  to  the  amounts  present  after  100  pulses.  After  isomerization  42%  of  the  TFCP  in 

a  sample  with  an  initial  pressure  of  8.j  torr,  the  CO2  laser  frequency  was  changed  to  1039 

cm  ^  (P28  line  of  the  00^1-20^0  band)  where  TFA  has  a  strong  absorption  band  but  TFCP  does 
not.  After  66  pulses  (1.3  J  each),  no  changes  were  observed  in  the  infrared  spectrum  of 
the  sample. 

When  the  intensity  of  the  incident  beam  was  reduced  by  50%,  no  dissociation  of  an  8.1 
tc  sample  was  observed  after  32  pulses.  A  30%  reduction  in  beam  intensity  resulted  in 
on.  2%  conversion  after  32  pulses  as  compared  to  a  50%  conversion  with  no  beam 
attenuation  (2  j/pulse).  However  the  ratio  of  TFP  to  TFA  formed  by  the  irradiation  was 
independent  of  fluence  and  intensity. 

Our  preliminary  studies  on  the  thermal  decompositior  of  TFCP  at  250  C  and  8  torr  have 
confirmed  earlier  reports^  that  a  high  molecular  weight  product  is  formed;  no  TFA  or  TFP 
was  observed.  When  a  mixture  of  TFCP,  TFA  and  TFP  (formed  by  irradiating  8  torr  of  TFCP) 
was  heated  to  250  C  both  TFA  and  TFP  uniformly  disappeared  while  only  a  small  amount  of 
TFCP  disappeared.  Under  similar  conditions  pure  TFP  did  not  react. 

DISCUSSION 


The  dependence  of  the  isomerization  yield  per  laser  pulse  on  the  pressure  of  TFCP,  the 
products,  and/or  a  buffer  gas  (argon)  suggests  that  the  process  is  collision-assisted. 

The  very  high  conversion  per  pulse  at  higher  pressures  and  the  inhibition  of  the  reaction 
by  argon  or  the  products  of  the  reaction  would  seem  to  rule  out  rotational  relaxation  or 
pressure  broadening  of  the  absorption  line  as  sources  of  the  observed  pressure  dependence. 
Intermolecular  V-V  or  V-T/R  transfer  as  a  result  of  collisions  of  excited  TFCP  with  cold 
TFCP,  TFA  or  TFP,  or  a  buffer  gas  would  be  expected  to  cause  a  decrease  in  conversion  per 
pulse  with  increasing  pressure, but  energy  pooling  to  reach  a  dissociation  channel  as 
a  result  of  the  collision  of  two  molecules  at  an  intermediate  level  of  excitation  is  a 
possibility. 

The  experimentally  determined  "xothermicity  of  the  TFCP  to  TFA  or  TFP  reaction  is  not 
known  but  recent  quantum  mechanical  calculations^^  estimate  TFP  as  being  ~4  kcal/mole  more 
stable  than  TFA  and  “21  kcal/mole  more  stable  than  TFCP;  similar  calculations  show  propyne 
to  be  3  kcal/mole  more  stable  than  allene  while  experiments  give  a  difference  of  only  1 
+/-  0.8  kcal/mole.  Thus  the  TFA  and  TFP  should  be  chemically  activated  with  21  kcal/mole 
in  excess  of  the  activation  energy  for  TFA/TFP  formation;  this  excess  energy  should  result 
in  greater  fragmentation  of  the  products  as  the  pressure  is  decreased.  The  observation  of 
constc.- t  pressure  with  26%  reaction  indicates  that  the  number  of  moles  of  reactants  is  the 
same  as  products  and  fragmentation  is  not  important. 

It  has  been  demonstrated  that  the  RRKM  statistical  model  tq^r  unimolecular  reactions 
adequately  describes  the  experimental  observations  for  IRMPD^^.  For  this  model  the 
microscopic  rate  constant  '  .jreases  with  increasing  internal  energy.  The  average  internal 
energy  of  reacting  molecules  (  )  is  determined  by  the  energy  level  where  the  pumping 

rate  and  unimolecular  reaction  rate  are  competitive;  increasing  the  laser  intensity 
(fluence)  will  ncrease  <E>j..  For  competitive  intramolecular  reactions  the  ratio  of 
product  yields  for  the  competitive  paths  is  a  function  of  the  difference  in  critical 
energies  and  the  structures  (vibrational  frequency  patterns)  for  the  respective  activated 
complexes.  The  energy  dependence  of  tnis  ratio  has  been  used  to  determine  The 

observed  insensitivity  of  the  area  ratio  to  fluence  or  pressure  indicates  that  either  the 
process  is  not  unimolecular  or  that  both  unimolecclar  processes  have  nearly  identical 
critical  energies  and  structures  for  th  .  activated  complex. 

An  energy  pooling  collision  to  yield  one  molecule  with  sufficient  energy  for  ring 
opening  might  be  invoked  as  an  excitation  mechanism;  this  would  satisfy  the  observed 
pressure  dependence.  However  the  constraints  required  for  the  simple  'one  step' 
unimolecular  step  cited  above  would  still  be  required. 

Another  possible  pathway  which  satisfies  the  pressure  dependence  would  involve  the 
collision  of  two  TFCP  molecules  (either  one  or  both  supplying  sufficient  energy  for 
reaction);  during  the  collision  a  fluorine  atom  from  each  molecule  is  transferred  to  the 
other.  The  vibrational  energy  content  in  either  TFCP  molecule  would  be  less  than  the 
threshold  required  to  form  the  biradical  but  sufficient  to  promote  the  transfer.  The 
TFA/TFP  area  ratio  would  be  invariant  with  fluence  ai.'^  pressure;  however  the  rate  constant 
would  show  an  energy  dependence.  This  pathway  would  account  for  the  difference  between 
collisions  of  TFCP  with  argon,  TFA,  TFP  and  TFCP;  the  first  three  partners  would  remove 
the  required  vibrational  energy  from  TFCP.  Thus,  as  reaction  proceeds  the  initial 
excitatio.  is  collisionally  transferrd  to  TFA  and  TFP  instead  of  being  directed  to  the 
reaction  coordinate  as  is  the  case  for  ollision  with  TFCP.  At  this  time  there  is  not 
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ufficient  evidence  to  preclude  this  pathway,  in  fact  the  high  conversion  at  low  fluences 
nd  the  pressure  dependence  are  indicators  that  this  may  be  the  dominant  path.  If  this  is 
he  preferred  path  then  the  product  yield  ratio  would  be  1:1.  As  shown  below  there  will 
e  a  substantial  decrease  in  entropy  for  the  formation  of  the  activated  complex. 


F-C=C  F,C=C=CF, 

>  fF  »  - >  + 

■•C-CF,  FC=C~CFo 

CF 

Je  are  in  the  process  of  measuring  absolute  absorption  coefficients  for  TFP  and  TFA  so 
hat  the  constant  relating  the  product  and  area  ratios  can  be  determined. 

The  thermal  studies  at  250  C  and  the  stability  of  TFC  at  room  temperature  can  be  used 
-0  determine  limits  on  the  activation  energy  if  a  unimolecular  reaction  with  an  A  factor 
if  10^^  sec~^  is  assumed;  the  lower  limit  is  36  kcal/mole  while  the  upper  limit  is  45 
;cal/mole.  The  thermal  reaction  of  the  mixture  indicates  that  TFA  and  TFP  are  reactive 
ntermediates  at  250  C  and  relatively  stable  at  room  temperature. 

slow  fast 

TFCP - >  TFA  +  TFC - >  products 

’hus  laser  excitation  can  be  used  to  promote  reactions  with  high  critical  energies  in  a 
ow  temperature  environment  so  that  consecutive  reactions  with  smaller  critical  energies 
vill  be  quenched.  TFA  and  TFP  appear  to  react  stoichimetrically  to  produce  some  of  the 
same  products  as  the  thermolysis  of  TFCP.  Since  the  thermolysis  of  TFP  does  not  produce 
FA  or  the  products  resulting  from  the  thermolysis  of  the  TFCP-TFP-TFA  mixture,  it  appears 
i  cooperative  process  is  involved.  We  plan  to  perform  the  thermolysis  of  neat  TFA  and 
'FA-TFP  mixtures  to  determine  this  cooperative  mechanism  for  the  thermolysis. 

Recently  INDO  calculations  for  1,2  fluorine  migrations  in  fluoro  substituted  ethyl 
■adicals  have  been  reported^^.  The  calculated  critical  energy  is  8.3  kcal/mole  compared 
■o  22.0  kcal/mole  for  a  similar  1,2  H  migration.  Due  to  the  formation  of  the  pi  bond  in 
;he  production  of  TFP  or  TFA,  we  expect  that  the  critical  energy  for  the  biradical  will  be 
educed  so  that  the  critical  energy  for  isomerization  would  be  less  than  26  kcal/mole. 
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LASER-INDUCED  IONIZATION  SPECTROMETRY;  ALTERNATE  ATOM  RESERVOIRS 


Robert  B.  Green  and  Michael  D.  Seltzer 
Chemistry  Division,  Research  Department 
Naval  Weapons  Center,  China  Lake,  California  93555-6001 


Premixed  flames  have  been  commonly  used  to  atomize  samples  for  laser-induced  ionization  spectrometry. 
Detection  limits  have  been  excellent  but  the  intrinsic  sensitivity  of  the  laser-based  methods  has  been  compromised 
when  analyzing  real  samples.  A  total  consumption  flame  and  several  energetic  plasmas  have  been  investigated  as 
atom  reservoirs  for  laser-enhanced  ionization  (LEI)  and  direct  laser  ionization  (DLI)  spectrometry.  Ionization  from 
a  laser-excited  state  proceeds  by  collisions  in  LEI  and  absorption  of  photons  in  DLL  Laser-enhanced  ionization 
occurs  in  a  flame  whenever  a  laser  is  tuned  to  an  atomic  transition.  Whether  or  not  photoionization  (i.e.,  DLI)  will 
supplement  the  LEI  signal  depends  on  the  collisional  properties  of  the  atom  reservoir  and  the  difference  between  the 
energy  required  to  reach  the  ionization  potential  and  the  energy  of  the  photoionizing  beam.  The  total  consumption 
flame,  active  nitrogen,  and  argon  plasmas  each  have  advantages  in  terms  of  sample  throughput,  background,  and 
interferences.  The  results  of  LEI  and  DLI  measurements  will  be  used  to  characterize  and  compare  these  atom 
reservoirs  for  laser-induced  ionization  spectrometry. 


llllIlBlU£liQa 

Laser-induced  ionization  spectrometry  may  be  viewed  as  a  family  of  techniques  (see  Figure  1).  Laser-enhanced 
ionization  involves  thermal  or  collisional  ionization  from  an  excited  state  that  is  populated  by  single-step  or 
stepwise  laser  excitation.  ^  In  DLI,  sometimes  referred  to  as  dual  laser  ionization, 2  the  final  step  is  laser 
photoionization.  The  DLI  excitation  schemes  are  similar  to  those  used  for  resonance  ionization  spectroscopy  (RIS), 
the  distinction  being  the  atom  reservoir.  Resonance  ionization  spectroscopy  is  performed  in  low  pressure  atom 
reservoirs,  such  as  the  source  of  a  mass  spectrometer.  Laser-enhanced  ionization  and  DLI  are  implemented  in 
atmospheric-pressure  plasmas,  'ypically  a  flame  supported  by  a  premix  burner.  Laser-enhanced  ionization  and  DLI 
may  be  viewed  as  complementary  techniques.  The  former  is  more  well  developed  but  much  of  the  research  applies 
equally  well  to  DLL  Multiphoton  ionization  (MPl)  may  also  occur  in  flames  but  is  not  useful  for  trace  metal 
determination.  Multiphoton  ionization  can  proceed  by  the  simultaneous  absorption  of  three  or  more  photons  of  the 
same  wavelength  via  bound  or  virtual  states.  A  background  signal  may  result  from  the  MPI  of  added  or  native 
species  in  the  flame,  particularly  at  high  incident  laser  powers.  The  noise  carried  by  this  additive  signal  can  limit 
minimum  detectable  concentrations  of  analytes. 


LEI  DLI  (RIS)  MPI 


FIGURE  1.  Laser-induced  ionization  schemes:  LEI,  DLI,  and  MPI. 

Laser-enhanced  ionization  or  DLI  may  be  detected  with  biases  igh  voltage  electrodes  inserted  in  or  near  the  atom 
reservoir.  The  increased  current  in  the  atom  reservoir  due  to  laser  excitation  is  collected,  preamplified,  and  filtered 
before  introduction  to  a  boxcar  signal  averager.  A  photodiode  which  monitors  the  laser  output  assures  that  the 
signal  is  sampled  only  during  the  laser  pulse. 
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The  premix  burner  has  been  the  most  frequently  used  atom  reservoir.  The  premix  burner  has  been  the  atom 
reservoir  of  choice  for  optically-detected  spectrometry,  such  as  atomic  absorption,  because  it  produces  a  stable, 
laminar  flow  flame  with  well-defined  concentration  zones.  Slot  burner  heads  provide  long  pathlengths  which 
increase  the  signal  collected.  The  high  optical  quality  of  the  premixed  flame  results  from  mixing  the  fuel,  oxidant, 
and  nebulized  sample  solution  in  a  chamber  prior  to  combustion.  The  large  sample  droplets  condense  in  the 
premixing  chamber  and  return  to  waste  via  a  drain.  The  choice  of  fuel  and  oxidant  is  limited  to  combinations  that 
yield  flames  with  lower  burning  velocities.  This  avoids  explosive  flashbacks  in  the  premixing  chamber. 


The  electrode  configurations  that  have  been  used  for  laser-enhanced  ionization  fall  into  two  categories:  external 
and  immersed.  Either  approach  will  produce  excellent  detection  limits  for  analytes  dissolved  in  pure,  aqueous 
solutions.  Sample  matrices  containing  lA  or  IIA  elements  which  have  high  ion  fractions  in  typical  analytical  flames 
produce  severe  electrical  interferences  when  external  electrodes  are  used.  This  has  been  attributed  to  the  formation 
of  a  space  charge  at  the  cathode. 

The  origin  of  electrical  interferences  may  be  understood  by  considering  space  charge  formation  at  an  electrode. 
In  a  flame,  positive  ions,  electrons,  and  neutral  species  exist  in  the  bulk  phase.  If  the  region  near  a  negative 
electrode  inserted  in  the  flame  is  examined,  several  zones  may  be  distinguished.  Between  the  bulk  phase  and  the 
electrode  surface,  there  is  a  transition  region  where  charged  species  separate.  Near  the  electrode  surface,  cations 
predominate.  As  the  concentration  of  cations  in  the  flame  is  increased,  the  signal  collecting  field  withdraws  to  the 
cathode  surface.  If  the  laser  beam  is  outside  the  collecting  field,  none  of  the  ions  produced  by  laser  enhancement 
will  be  sensed.  When  the  electrodes  are  located  outside  the  flame,  there  is  no  opportunity  to  position  the  laser 
beam  within  the  collecting  field  at  high  ion  concentrations  in  the  flame.  With  immersed  electrodes,  the  laser  beam 
can  be  positioned  near  the  cathode  surface  even  when  the  ion  concentration  in  the  flame  is  high  and  the  signal 
collection  region  is  severely  compressed.  Using  immersed  electrodes  it  is  possible  to  collect  100%  of  the  analyte 
signal  in  the  presence  of  sodium  concentrations  up  to  3000  jig/mL  in  an  air-acetylene  flame. ^ 

The  periodic  table  in  Figure  2  indicates  the  elements  that  have  been  determined  by  LEI  spectrometry  according  to 
the  type  of  flame  used.  (Those  elements  which  are  shown  as  "not  determined"  by  LEI  spectrometry  have  not  been 
reported  but  they  are  amenable  to  flame  spectrometry.)  Most  detection  limits  that  have  been  reported  were 
determined  in  the  air-acetylene  flame.  A  nitrous  oxide-acetylene  flame  has  been  used  for  more  refractory  elements. 
It  is  important  to  recognize  that  although  the  use  of  an  immersed  electrode  has  mitigated  electrical  interferences 
from  easily-ionized  species  in  air-acetylene  flames,  the  hotter  nitrous  oxide-acetylene  flame  has  not  yielded  to  this 
solution.^ 


FLAME:  AIR-ACETYLENE  □  PROPANE-BUTANE-AIR  CZl 

NITROUS  OXIDE-ACETYLENE  ^  NOT  DETERMINED  H 
AIR-HYDROGEN  B 

FIGURE  2.  Periodic  table  showing  types  of  flames  used  as  atom  reservoirs  for 
la^er-enhanced  ionization  spectrometry. 
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Eesults_and_Discussion 


The  limits  of  detection  for  laser-enhanced  ionization  in  premixed  flames,  compiled  and  reported  in  Reference  5, 
establish  the  technique  as  competitive  with  other  high  sensitivity  analytical  methods,  such  as  inductively-coupled 
plasma  emission  spectrometry.  One  component  of  laser-enhanced  ionization  spectrometry  that  might  be  improved  is 
the  atom  reservoir.  The  search  for  alternate  atom  reservoirs  was  driven  by  the  following  goals:  (1)  increasing  the 
analyte  residence  time  in  the  laser  beam,  (2)  increasing  the  quantity  of  analyte  in  the  laser-excited  volume,  (3) 
reducing  analyte  consumption,  and  (4)  further  redu.ction  or  elimination  of  electrical  interferences.  Realistically,  it 
should  be  recognized  that  some,  of  these  goals  may  be  mutually  exclusive. 

l2tal.Consumption_Flames 

One  approach  to  increasing  signal  is  to  increase  the  number  of  atoms  that  can  be  interrogated  by  the  laser  beam. 
This  can  be  accomplished  by  substituting  a  total  consumption  burner  for  the  premixed  burner  which  has  been 
commonly  used  for  LEI  spectrometry.  In  the  total  consumption  burner,  the  fuel,  oxidant,  and  nebulized  sample  are 
not  mixed  until  they  exit  the  burner  nozzle.  Although  100%  of  the  sample  enters  the  flame,  all  of  it  is  not  available 
for  laser  excitation.  Large  droplets  of  sample  pass  through  the  flame  without  evaporation.  Light  scattering  from 
these  droplets  is  the  main  reason  that  total  consumption  burners  are  no  longer  used  as  atom  reservoirs  for  optically- 
detected  spectrometry.  Since  an  electrical  current  is  measured  directly  in  LEI  spectrometry,  light  scattering  causes 
no  detection  problems.  Even  though  a  portion  of  the  sample  is  lost  to  LEI,  the  overall  increase  in  sample 
throughput  over  the  premixed  burner  which  rejects  95%  of  the  aspirated  sample  led  to  a  net  improvement  in  limits 
of  detection  for  the  elements  studied.^  An  additional  benefit  of  using  the  total  consumption  burner  is  the 
availability  of  oxygen-based  flames  without  the  threat  of  explosive  flashback. 

Laser-enhanced  ionization  spectrometry  with  a  total  consumption  burner  has  some  disadvantages  as  well.  When 
compared  with  the  premixed  burner,  the  laser  pathlength  for  the  total  consumption  burner  is  reduced  because  the 
flame  has  a  circular  cross-section.  Because  the  flame  is  very  turbulent,  the  concentration  gradient  is  diffuse  and  the 
zone  of  highest  concentration  is  not  well  defined.  The  high  sample  throughput,  the  central  advantage  of  the  total 
consumption  burner,  leads  to  two  problems:  MPl  background  and  the  earlier  onset  of  electrical  interferences.  The 
origin  of  the  background  is  the  MPI  of  flame  species  produced  by  the  aspiration  of  water,  the  primary  solvent  for 
this  work.  The  largely  featureless  MPI  background  occurs  only  at  high  incident  laser  powers.  Since  the  MPI 
background  signal  was  additive,  it  was  possible  to  subtract  it,  but  the  random  noise  carried  by  the  MPI  remained. 
The  strategy  to  obtain  the  best  detection  limits  was  to  increase  the  laser  power  until  MPI  was  observed.  Then  the 
laser  power  was  reduced  slightly  below  the  MPI  level  and  the  detection  limits  were  determined  in  the  absence  of 
MPI  noise.  The  appearance  of  MPI  background  is  also  possible  with  a  premix  burner;  the  difference  is  that  most  of 
the  solvent  is  eliminated  by  condensation  before  it  reaches  the  flame.  The  earlier  onset  of  electrical  interferences 
due  to  easily-ionized  species  with  the  total  consumption  burner  is  also  a  symptom  of  the  "1()()%”  sample 
introduction  into  the  flame.  The  actual  flame  concentration  (or  density)  of  ions  when  signal  suppression  occurs  is 
probably  the  same  for  both  burners.  The  difference  is  that  this  flame  concentration  occurs  at  much  lower  solution 
concentrations  of  the  interferent  when  using  a  total  consumption  burner.  It  is  the  absolute  flame  concentration  of 
interferent  that  determines  the  level  of  LEI  signal  suppression  not  the  ratio  of  interferent  to  analyte.^ 


SaiDBlS-Dssolyation 

Sample  desolvation  prior  to  introduction  was  one  approach  to  attacking  the  deficiencies  of  the  total  consumption 
burner.  Sample  desolvation  has  long  been  used  in  atomic  spectrometry  but  the  reported  sample  transport 
efficiencies  for  available  techniques  were  low.  Less  than  complete  sample  transport  negates  the  value  of  using  a 
total  consumption  burner. 

A  successful  approach  involved  using  a  graphite  furnace  to  desolvate  the  sample  prior  to  introduction  into  the 
total  consumption  burner. *  The  liquid  sample  was  deposited  in  the  graphite  tube,  the  water  was  driven  off  in  a 
drying  cycle,  and  the  sample  was  atomized  into  a  flowing  stream  of  argon.  The  gas-phase  sample  was  carried  into 
the  aspiration  tube  of  the  burner.  A  water  vapor  generator  was  connected  in  the  gas  line  from  the  furnace  for 
comparison  of  the  introduction  of  dry  and  wet  samples  into  the  total  consumption  burner.  Wet  samples  could  not  be 
introduced  directly  from  the  furnace  because  spattering  would  cause  sample  loss  making  the  results  equivocal. 
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The  advantages  of  sample  desolvation  are  illustrated  in  Figure  3.  Five  trials  are  shown.  In  the  three  trials  where 
the  manganese  sample  was  desolvated,  sharp  signal  peaks  result.  The  MPl  background  yields  a  DC  signal  offset 
for  the  two  trials  with  solvated  samples.  The  increased  noise  carried  by  the  signal  is  obvious.  The  reduction  of 
peak  amplitudes  in  the  solvated  trials  is  probably  due  to  the  cooling  of  the  flame  by  water  vapor  introduction, 
thereby  reducing  the  analyte  atom  fraction. 


FIGURE  3.  Comparison  of  signals  for  desol 
vated  and  solvated  Mn  samples.  The  arrows 
indicate  signals  for  the  solvated  samples, 
samples. 

In  summary,  sample  desolvation  with  the  total  consumption  burner  provides  many  advantages  that  are  applicable 
to  laser-induced  ionization  spectrometry.*  Higher  laser  powers  can  be  effectively  used  to  saturate  atomic 
transitions.  It  is  also  possible  to  condense  the  total  consumption  flame  by  introducing  it  into  a  Vycor  tube.  The 
exciting  laser  beam  may  then  be  directed  down  the  length  of  the  flame  and  longer  pathlength  electrodes  may  be 
used.  Flame  condensation  and  pathlength  extension  can  be  applied  to  the  total  consumption  flame  without  sample 
desolvation  but  the  increased  MPI  noise  nullifies  any  improvements  in  signal.  Finally,  intrinsic  flame  temperatures 
are  maintained  by  the  removal  of  aqueous  solvents.  All  of  these  advantages  lead  to  order-of-magnitude 
improvements  in  detection  limits  for  laser-enhanced  ionization  spectrometry  using  total  consumption  burners  with 
sample  desolvation.* 

Ecsifisik-Plaimai 

Recently,  microwave-induced  plasmas  have  been  investigated  as  atom  reservoirs  for  laser-induceo  jnizai’on. 
The  apparatus  is  shown  in  Figure  4.  The  gas  for  plasma  formation  is  directed  through  the  sample  introduction 
device.  Several  sample  introduction  devices  have  been  used:  an  AC  microarc,  ultrasonic  nebulization  with  solvent 
stripping,  and  a  graphite  furnace.  The  sample  vapor  is  then  carried  through  the  microwave  cavity  where  the  plasma 
is  generated.  All  of  this  research  has  involved  atmospheric  pressure  plasmas.  The  plasma  is  conducted  beyond  the 
microwave  cavity  with  a  quartz  tube.  Signal  collection  and  processing  are  similar  to  the  approach  used  in  flames. 

The  first  plasma  to  be  investigated  was  active  nitrogen.^  Active  nitrogen  has  interesting  energetic  properties  and 
is  capable  of  efficiently  producing  excited  metal  atoms  and  ions  on  collision  with  ground  state  species.  The  metal 
emission  in  sub-atmospheric  pressure  sources  has  been  detected  photoelectrically  for  analytical  determinations. 
The  active  nitrogen  in  the  present  work  was  generated  by  adding  molecular  nitrogen  to  an  argon  flow  in  about  a  1- 
to-10  ratio.  Microwave  powers  in  the  range  from  50  to  150  W  were  used. 

Both  LEI  and  DLI  experiments  were  run  to  evaluate  the  collisional  properties  of  active  nitrogen.  The  excitation 
schemes  for  indium  are  shown  in  Figure  5.  Laser-enhanced  ionization  occurs  in  a  plasma  whenever  a  laser  is  tuned 
to  an  atomic  transition.  For  otherwise  identical  experiments,  the  enhancement  of  the  DLI  signal  over  LEI  depends 
on  the  collisional  environment  of  the  plasma  and  how  well  the  energy  of  the  photon  matches  the  energy  required  for 
photoionization.  In  this  case,  the  energy  overshoot  was  0.34  V. 


FIGURE  4.  Schematic  diagram  of  instru¬ 
mentation  for  laser-induced  ionization 
spectrometry  in  a  microwave-induced  plasma. 
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FIGURE  5.  LEI  vs.  DLI  for  indium.  FIGURE  6.  LEI  and  active  nitrogen  dependence 

on  nitrogen  flow  rate. 

A  detection  limit  for  DLI  of  indium  was  estimated  to  be  20  pg.  The  DLI  signal  was  a  factor  of  two  larger  than  the 
LEI  signal.  Since  the  energy  overshoot  was  relatively  small  for  the  photoionizing  wavelength,  the  collisional 
properties  of  active  nitrogen  were  judged  to  be  good  although  perhaps  not  comparable  to  an  air-acetylene  flame. 

During  the  optimization  of  the  laser-induced  ionization  processes,  some  interesting  signal  behavior  was  noted. 
Figure  6  illustrates  the  results  of  experiments  in  which  the  LEI  signal  was  monitored  while  increasing  the  nitrogen 
flow  rate.  As  expected,  the  active  nitrogen  concentration  (broken  line)  increased  as  the  nitrogen  flow  rate  was 
increased.  The  decrease  in  LEI  signal  was  not  expected.  It  was  first  speculated  that  the  laser  excitation  prior  to  the 
signal  collection  region  could  be  significantly  depleting  the  ground  state  atom  population.  On  further 
consideration,  it  seemed  unlikely  that  a  major  signal  suppression  was  caused  by  a  relatively  minor  loss  of  atoms. 
Experiments  in  which  atomic  fluorescence  was  measured  for  identical  concentrations  of  lead  in  both  the  pure  argon 
plasma  and  the  active  nitrogen  plasma  (i.e.,  nitrogen  in  argon)  gave  essentially  identical  limits  of  detection.  This 
suggested  that  quenching  of  the  excited  state  analyte  played  a  very  minor  role  in  the  signal  suppression  observed  at 
high  nitrogen  flows.  Current  vs.  applied  voltage  curves  (slope  =  1/R)  for  air-acetylene  flames  (sodium-seeded  and 
unseeded)  were  compared  with  similar  curves  for  active  nitrogen  and  pure  argon  plasmas.  The  behavior  of  the 
sodium-seeded  flame  and  active  nitrogen  plasma  was  very  similar,  suggesting  that  the  signal  suppression  observed 
as  the  nitrogen  flow  rate  was  increased  was  due  to  the  formation  of  a  space  charge  at  the  electrodes.  This  was 
somewhat  surprising  because  the  currents  in  the  active  nitrogen  plasma  were  up  to  two  orders-of-magnitude  lower 
than  currents  measured  in  the  air-acetylene  flame. 

Investigations  of  laser-induced  argon  plasmas  have  also  been  initiated.  Preliminary  results  suggested  that  space 
charge  formation  in  argon  was  minimal.  The  laser-induced  ionization  background  was  low  and  featureless  in  the 
wavelength  region  of  interest.  (The  active  nitrogen  laser-induced  ionization  spectrum  has  been  characterized  from 
279  to  285  nm.  *')  Because  of  the  low  background,  manganese  has  been  detected  at  the  tens  of  picogram  levels. 
No  suppression  of  the  manganese  signal  was  observed  in  signal  recovery  experiments  using  sodium  as  an 
interferent  over  a  two  order-of-magnitude  concentration  range.  Electrical  breakdown  occurs  at  a  lower  applied 
voltage  in  argon  than  active  ni’rogen  meaning  that  signal  collection  voltages  will  be  limited. 

The  total  consumption  burner  has  been  demonstrated  as  a  viable  atom  reservoir  for  laser-induced  ionization 
spectrometry  but  further  research  must  be  undertaken  before  these  results  can  be  translated  into  practice.  Energetic 
plasmas  present  some  interesting  possibilities.  Because  of  its  good  collisional  properties  and  long  lifetime,  active 
nitrogen  plasmas  may  be  incorporated  into  an  interferent  removal  scheme. '2  Easily-ionized  species  could  be 
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removed  with  biased  electrodes  prior  to  laser-induced  ionization.  Preliminary  experiments  with  microwave-induced 
argon  plasmas  have  suggested  that  it  may  be  an  attractive  alternative  to  flames  because  of  its  low  background  and 
the  apparent  absence  to  electrical  interferences. 
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Ahstracl 


The  repetitive  breakdown  spark  from  a  Nd:YAG  laser  was  used  to  generate  analytically  useful  emission  spectra  of  cadmium, 
lead,  and  zinc  in  aerosols.  The  system  consisted  of  a  laser  operated  at  a  pulse  rate  of  10Hz  with  an  energy  of  100mJ  per  pulse  and  a 
pulse  width  of  approximately  15ns,  and  samples  were  generated  in  aerosol  form  using  a  nebulizer-heat  chamber  arrangement.  The 
detection  apparatus  consisted  of  a  monochromator,  photomultiplier  tube,  and  boxcar  averager.  The  latter  provided  both 
amplification,  averaging,  and  time  resolution.  The  performance  of  the  system  for  laser-induced,  breakdown  spectrometry  (LIBS) 
will  be  described.  The  analytical  performance  characteristics  of  detection  limit  and  linearity  for  cadmium,  lead  and  zinc  as  well  as 
theeffect  of  the  chemical  form,  perfurbations  and  temperature  of  the  plasma  will  be  further  presented. 

Introduction 

Discharge  phenomena  can  be  categorized  into  three  distinct  groups  based  on  the  frequency  of  the  electric  field  that  generated 
the  discharge:  low  frequency  region  associated  with  low  frequency  constant,  pulsed  and  oscillating  fields,  radio  frequency  region 
which  is  a  broad  region  with  an  average  frequency  of  about  1  MHz,  and  a  microwave  region  associated  with  super  high  frequency  fields 
in  the  GHz  range.  The  development  of  the  laser  moved  the  study  of  gas  discharges  into  the  optical  region  and  the  first  observation  of 
breakdown  using  optical  frequencies  was  reported  in  1963. 

There  are  two  generally  accepted  breakdown  mechanisms  for  optical  discharges.  The  first  is  a  semi-classical  description 
which  is  applicable  to  atmospheric  pressures.  In  this  case  the  electric  field  associated  with  the  incident  laser  radiation  imparts  an 
oscillatory  motion  to  a  "seed"  electron.  The  electron  subsequently  acquires  energy  by  absorbing  photons  through  an 
inversebremsstrahlung  process  in  collisions  with  atoms,  and  becomes  energetic  enough  to  ionize  an  atom.  Thus  a  second  electron  is 
produced  and  the  process  repeats  itself,  now  with  two  electrons,  so  that  a  cascade  ionization  develops. 

The  second  mechanism  is  purely  quantum  mechanical  and  dominates  at  low  pressure.  In  this  case  the  electron  is  ionized  as  a 
result  of  a  multiphoton  phoelectric  effect,  in  which  several  photons  ure  sirn'iiianecvsly  absorbed  by  an  at::,..  The  probability  of  the 
photo-ionization  of  a  gas  by  a  single  photon  with  a  wavelength  in  the  optical  region  is  very  small.  This  is  because  of  the  large 
difference  between  the  energy  of  such  a  photon  and  the  ionization  potentials  of  gases.  For  example,  the  fundamental  photon  energy  of  a 
neodymium  laser  is  1.17  eV  while  the  ionization  energy  of  molecular  nitrogen  is  15.57  eV.  It  therefore  requires  a  simultaneous 
absorption  of  16  photons  by  a  nitrogen  molecule  before  a  ground  state  electron  can  be  raised  into  the  ionization  region.  Thus,  the 
probability  of  a  multiphoton  absorption  is  usually  negligible;  however,  with  the  high  irradiances  created  by  focussing  laser 
radiation  of  sufficient  energy,  this  probability  becomes  large  and  muitiphoton  absorption  can  take  place. 

A  medium  will  experience  dielectric  breakdown  whenever  it  is  subjected  to  an  electric  field  whose  strength  exceeds  its 
dielectric  strength  (Figure  1).  In  LIBS  the  electric  field  is  associated  with  the  laser  radiation.  The  theoretical  spot  size  generated 
by  focussing  laser  radiation  is  given  by 


d 


2a 
■  cb 


(1) 


where  f  is  the  focal  length  of  the  lens,  X  is  the  wavelength  of  the  radiation  and,  do  is  the  beam  diameter  of  the  laser.  However,  the 
actual  spot  size  is  believed  to  be  much  greater  than  the  value  given  by  equation  1 ,  largely  because  of  aberrations  caused  by  the 
focussing  lens.  To  gain  some  measure  of  the  spot  size,  it  was  noted  that  breakdown  was  not  initiated  if  the  laser  energy  fell  below  60 
mJ.  Using  this  observation  and  the  dielectric  strength  of  air,  the  intensity  (l)of  a  60  mJ  laser  focussed  by  a  3-cm  focal  length  lens 
was  calculated  to  be  2.6  x  10^®  W/m2, 
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Figure  1 :  Dielectric  breakdown  using  laser  radiation. 


This  intensity  corresponds  to  an  area  of  3x10-4  ^2.  using  this  value  for  the  area,  the  electric  field  generated  by  a  15  ns,  100  mJ 
pulse  focussed  by  a  3-cm  lens  was  approximated  using  the  equation; 

E  =  2tiuc2  .  (2) 

where  q  is  the  power  density  (l/c),  uthe  permitivify  of  free  space,  and  c  is  the  speed  of  light.  The  value  of  E  was  4  x  10^  V/cm, 
which  is  greater  than  the  dielectric  strength  of  air  (3  x  10^  v/cm).  The  laser-induced  plasma  was  found  to  be  stable  provided  that 
the  laser  energy  did  not  fall  below  a  value  of  roughly  60  mJ,  the  approximate  breakdown  threshold  of  air  at  665  torr  -  Las  Cruces 
air  pressure  --  using  a  Nd'.YAG  laser  and  a  3-cm  focal  length  lens.  • 

In  the  formation  and  development  of  the  laser  plasma,  a  gas  which  is  normally  transparent  to  low  intensify  radiation  is 
transformed  into  a  highly  opaque  plasma  in  a  time  on  the  order  of  a  nanosecond.  This  transformation  takes  place  in  four  stages.  The 
first  stage  is  initiation,  in  which  ionization  begins  as  a  result  of  multiphoton  absorption  or  an  inverse  bremstrahlung  effect. 

An  amplification  of  the  number  of  electron-ion  pairs  is  then  produced  in  the  second  stage  via  a  process  called  electron 
avalanche  ionization.  The  development  of  this  process  depends  on  two  mechanisms.  The  first  is  an  increase  in  energy  by  the  electron 
due  to  the  applied  field.  The  second  is  a  loss  of  energy  by  the  electron.  This  loss  may  result  from  collisions  with  atoms  or  ions  or 
from  the  pr^ess  of  electron  diffusion,  in  which  the  electron  escapes  from  the  region  of  the  applied  field.  Therefore  the  rate  at  which 
the  electron  will  gain  energy  is  an  interplay  between  these  two  mechanisms.  If  these  energy  losses  can  be  overcome  and  if  an 
appreciable  level  of  ionization  can  be  reached  within  the  duration  of  the  laser  pulse,  breakdown  will  fake  place  when  an  electron 

density  of  approximately  10^®  cm-3  is  reached. 


The  third  stage  is  called  growth.  This  stage  involves  the  expansion  of  fhe  plasma  in  the  direction  of  the  laser  as  a  result  of  an 
increased  opacity  of  the  plasma.  For  a  laser  energy  in  the  100  mJ  range,  this  growth  is  on  the  order  of  3mm:  however,  expansions 

of  several  meters  have  been  reported  using  giant  pulsed  lasers.  . 

The  fourth  and  final  stage  Is  extinction,  which  lasts  much  longer  than  the  laser  pulse.  It  is  within  this  stage  that  atomic 

emission  takes  place,  along  with  diffusion  and  electron  recombination. 


Experimental 


Apoaraius 

Laser.  A  four  level  pulsed  neodynium  (Nd)  laser,  with  lasing  occurring  in  the  4f3/2  to  4  |■)■)/2  transition  level  of  the  Nd 
ions  in  a  yittrium  aluminum  garnet  (YAG)  matrix.  The  energy  output  was  about  100  mJ  per  pulse,  with  a  pulse  width  of  15ns,  a 
beam  width  of  5mm  between  the  e'^  points  and  a  beam  divergence  of  2mrad.  At  peak  performance,  the  laser  output  fluctuated  by 
roughly  5  percent  from  shot  to  shot  but  had  no  noticeable  effect  on  the  emission  from  the  plasma.  Fluctuations  of  lOmJ  or  more  did 
affect  emission  and  a  significant  reduction  of  the  signal  occurred  when  fhe  laser  power  fell  below  60mJ. 

Aerosol  Generator.  Wet  aerosols  were  generated  using  a  standard  stainless  steel  pneumatic  nebulizer  capable  of  uptake  rates 
of  1  -8  mL/min.,  and  a  carrier  gas  of  air  at  a  line  pressure  of  60  psi.  The  performance  of  the  nebulizer  was  stable  and  did  not  vary 
±  3%  over  a  period  of  several  days.  An  impactor  device  was  added  in  order  to  reduce  the  variation  in  particle  size  and  obstruct 
larger  particles  (>  10  microns).  A  dry  or  desolvated  aerosol  was  obtained  by  passing  fhe  wet  aerosol  through  a  heat  chamber. 

Excitation.  The  aerosol  (wet  or  dry)  entered  a  six-armed  cross  cell  which  had  windows  placed  on  it.  This  cell  contained  the 
plasma  and  was  useful  in  reducing  fhe  noise  due  to  the  hydrodynamic  shock  waves  caused  by  the  plasma.  The  power  density  was 
estimated  to  be  about  10^^  W/cm2  which  was  sufficient  for  reproducible  plasma  formation. 

Defection.  The  detection  apparatus  is  shown  in  Figure  2  consisting  of  quartz  focusing 
lens,  monochromator,  photomultiplier  tube,  boxcar  averager,  oscilloscope  and  chart  recorder. 

Emission  from  fhe  plasma  was  collected  by  lens  2  and  imaged  on  the  entrance  slit  of  fhe  monochromator.  The  lens  was 
positioned  so  that  a  unit  magnification  of  the  plasma  was  obtained  at  the  entrance  slit.  The  monochromator  was  a  0.5  m  Ebert  mount 
with  scanning  capabilities  from  2100  to  10,000  A.  The  detector  was  uv-visible  photomultiplier  tube  (pmt)  with  a  spectral 
response  from  2000  to  7000  A.  Signals  from  the  pmt  were  monitored  using  the  boxcar's  gated  integrator  and  analog  processor.  The 
purpose  of  the  integrator  was  two-fold.  First  this  unit  was  used  to  extract  small  signals  from  the  extremely  noisy  pmt  output.  In 
effect  this  suppressed  random  fluctuations  in  the  pmt  output  and  enhanced  the  signals  from  the  plasma.  Second  the  integrator 
provided  a  coincidence  circuit  so  that  time-resolved  studies  could  be  done.  The  integrator  was  triggered  by  an  external  pulse  from 
fhe  laser  power  supply,  and  allowed  a  window  of  variable  width  to  be  superimposed  on  the  pmt  signal  at  a  specific  delay  time. 

The  analog  processor  functioned  as  a  second-stage  amplifier  and  was  used  to  increase  the  gain  on  the  pmt  output.  A 
modification  of  the  apparatus  involved  the  inability  to  maximize  the  sensitivity  of  the  system  because  of  noise  in  the  system.  This 
noise  was  believed  to  be  caused  by  random  fluctuation  in  the  signal  from  the  plasma.  However,  the  amplitude  of  the  noise  increased 
over  a  period  of  a  few  weeks,  until  detection  of  even  large  concentrations  of  metals  could  not  be  performed.  Closer  examination 
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Figure  2:  Detection  System  for  LIBS 

revealed  that  the  noise  viras  electrical  and  caused  by  a  gradual  deterioration  of  the  pulse  used  to  trigger  the  boxcar.  The  boxcar's  gated 
integrator  requires  an  external  trigger  pulse  with  an  amplitude  of  0.5  to  2  volts,  and  a  rise  time  shorter  than  1  ps.  If  these 
specifiMtions  were  not  met  an  excessive  jitter  of  the  gate  resulted  causing  the  integrator  to  sample  the  input  signal  at  different 
delay  times,  producing  excessive  noise  (Figure  3).  The  coincide  -e  circuit  was  improved  by  replacing  the  external  trigger  from  the 
laser  power  supply  with  a  fast  photodiode  which  sensed  the  onset  of  the  plasma.  The  amplitude  of  the  pulse  was  proportional  to  the 
light  incident  on  the  diode  and  its  rise  time  was  less  than  1  ps.  Placing  the  photodiode  near  the  top  of  the  spark  cell,  just  above  the 
focusing  lens,  generated  a  pulse  which  was  sufficient  to  trigger  the  boxcar  reliably. 


Figure  3:  Excessive  gate  jitter  caused  by  a  faulty  external  trigger. 

Thus  the  boxcar  was  triggered  using  the  emission  from  the  plasma,  lessening  the  uncertainty  in  the  delay  time.  The  rate  generated  by 
this  circuit  exhibited  negligible  jitter  when  viewed  on  the  oscilloscope  and  decreased  the  noise  by  a  factor  of  10  Previous  results  of 
LIBS  is  given  in  reference  1-6. 


Results  and  Di.<;cu!5sion.<; 


Plasma  Temperature.  Measurement  of  the  plasma  temperature  using  the  two-line  Boltzmann  method  consisted  of  obtaining 
^urate  intensity  ratios  of  the  emission  of  the  neutral  2802  A  and  4057A  lead  lines.  This  was  done  by  scanning  over  the  line  four 
times  and  taking  an  average  of  the  measurements.  This  average  was  then  corrected  for  the  spectral  response  of  the  system  and  the 
temperature  was  determined  from  equation  3.  For  example,  substituting  the  values  for  the  Einstein  coefficients  and  the  statistical 
weights  for  PB  I  2802  A  and  Pb  I  4057  A  and  solving  for  T  in  equation  3,  one  gets 


in  the  measurement  of  T  was 

at  40  ps  and  are  shown  in  Table  and 


Delay  lust 

li/il 

Temperature  (K) 

Uncertainty 

20 

1 .9 

6500 

1 000 

25 

2.3 

6000 

800 

30 

3.0 

5500 

700 

35 

3.5 

5200 

600 

40 

3.6 

5150 

600 

T  =  1 .44 


--  (3) 


In  (6.0712/11) 

Therefore,  a  ratio  of  I2/I1  =  2  yields  an  approximate  temperature  of  6400  K.  The  uncertainty 
determined  using  differential  error  analysis,  considering  T  as  a  function  of  Ai,  A2  and  I2/I1. 

The  excitation  temperature  was  determined  for  delay  times  from  20  to  40  ps  to  5150  K 
Figure  4. 

Table  | :  Temperature  of  the  LIB  plasma. 
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Figure  4;  Temperature  of  the  LIB  plasma 


Interferences.  In  any  analytical  technique,  potential  interferences  must  be  determined,  understood  and  corrected  in  order  to 
obtain  accuracy  of  the  analytical  measurement. 

To  provide  some  measure  of  the  effects  on  the  LIB  plasma,  the  intensity  of  the  4057  A  lead  line  was  recorded  with  no  sodium 
present  in  the  plasma  at  five  different  delay  times,  and  compared  to  the  signals  obtained  from  this  line  when  a  concentration  of 
sodium  equivalent  to  approximately  780  ppm  was  present.  The  effects  ranged  from  significant  to  negligible  and  are  shown  in  Tables 
2-4  and  Figure  5. 

The  intensity  of  the  background  signal  was  lowered  by  approximately  30  percent  at  each  delay  time  when  sodium  was  present 
in  the  plasma.  Contrastingly  the  signal  fluctuated  dramatically  froi  >  20  to  40  ps. 


Table  2;  Lead  signal  with  no  sodium  present  in  plasma 


Delav  rust 

Intensity  IV) 

Bkod.  (V) 

Noise  <V1 

20 

0.35 

0.58 

0.0096 

25 

0.53 

0.37 

0.018 

30 

0.64 

0.26 

0.030 

35 

0.47 

0.19 

0.030 

40 

0.47 

0.16 

0.0058 

Table  3:  Lead  emission  with  sodium  present  in  plasma 


Delav  (usi 

Intensity  fVI 

BtSfld.  (VI 

Noise  IVI 

20 

0.63 

0.36 

0.003 

25 

0.75 

0.25 

0.024 

30 

0.65 

0.17 

0.037 

35 

0.65 

0.14 

0.038 

40 

0.55 

0.1 1 

0.012 

Table  4:  Emission  enhancement 

Delay  (usl 

Percent  Increase 

Uncfiftaimy 

in  Intensity 

20 

80 

5.0 

25 

41 

6.6 

30 

4.8 

9.8 

35 

38 

12.0 

40 

1  7 

2.9 
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The  effect  of  the  matrix  in  which  the  analyte  was  dissolved  was  also  examined  briefly.  In  this  study  the  emission  from 
rnoderate  solutions  (300  ppm)  of  lead  in  acetate,  chloride,  and  nitrate  matrices  were  recorded,  and  the  signal  (absolute  lead 
signal/adjaceiit  background)  was  found  to  be  constant  to  within  10  percent.  A  similar  study  was  done  for  cadmium  in  nitrate  and 
chloride  matrices.  The  signal  from  the  chloride  matrix  was  27  percent  larger  than  that  from  the  nitrate  matrix. 

Analytical  Performance  Characteristics.  The  results  for  cadmium,  lead  and  zinc  are  detailed  elsewhere.  In  general, 
calibration  curves  showed  linearity  a  low  concentration,  extending  over  one  to  two  orders  of  magnitude  above  the  detection  limit  and 
curvature  or  saturation  at  higher  concentrations.  Signals  from  the  dry  aerosol  were,  on  average  about  30%  percent  great  than  those 
from  the  corresponding  wet  aerosol.  Detection  limits  were  in  the  low  pg/g  {mg/m3)  level.  The  detection  limits,  threshold  limit 
value  time  weighted  average  (TLV-TWA)  of  the  American  Conference  Governmental  Industrial  Hygienist  (ACGIH),  inductively 
coupled  plasma  and  direct  current  plasma  emission  detection  limits  for  cadmium,  lead  and  zinc  are  shown  in  Table'  5", 

Table  S'.  LIBS,  TLV-TWA,  ICP  and  DCP  detection  limits  for  cadmium,  lead  and  zinc  in  aerosols. 


Element 

Wavelength 

LIBS 

TLV-TWA 

ICP 

DCP 

nm 

ma/.ma 

smimSt 

mQ/m3 

mfl/ra3 

Cadmium 

288.8 

0.21 

0.15 

0.0013 

0.00015 

Lead 

405.7 

0.019 

0.05 

0.00013 

0.00044 

Zinc 

213.9 

0.24 

5.0 

0.07 

0.000033 

The  LIBS  detection  limits  are  lower  than  the  TLV-TWA  values  for  lead  and  zinc  and  comparable  to  lead.  The  ICP  and 
DCP  are  2  to  4  orders  of  magnitude  laser  then  the  LIBS  but  cannot  be  used  to  directly  determine  these  metals  in  air  (aerosols). 


Conclusion 

LIBS  can  be  used  to  monitor  cadmium  and  zinc  directly  aerosols  at  useful  levels.  The  defection  limit  for  lead  was  high  than  the 
TLV-TWA  limit  for  lead.  The  absence  of  electrodes  eliminates  a  source  of  sample  calmination.  The  major  disadvantage  in  the  cost  of 
the  laser. 
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ATOMIC  ABSORPTION  AND  PLASMA  EMISSION  SPECTROMETRY 

Joseph  Sneddon 

Department  of  Chemistry 
University  of  Lowell 
Lowell,  Massachusetts  01854 


Abstract 


The  use  of  a  laser  for  sample  introduction  of  solid  samples  for  metal  determination  in  atomic  spectroscopy  will  be  discussed. 
The  mechanism  of  ablation  and  parameters  which  effect  the  process  will  be  further  discussed.  The  results  of  the  application  of  laser 
ablation  for  flame  atomic  absorption  spectrometry,  graphite  furnace  atomic  absorption  spectrometry,  plasma  emission  spectrom¬ 
etry,  and  inductively  coupled  plasma-mass  spectrometry  will  be  presented.  The  design  and  development  of  a  laser  ablation-direct 
current  argon  plasma  emission  system  will  be  presented.  Results  from  this  system  including  analytical  performance  characteris¬ 
tics.  optimization  of  experimental  factors  and  analysis  of  samples  will  be  presented.  Matrix  effects  due  to  real  samples  are  a 
problem  which  will  be  discussed  and  results  from  various  halide  matrices  presented.  Methods  to  overcome  these  matrix  effects 
including  chemical  and  standard  addition  will  be  discussed.  Finally,  the  relative  merits  of  laser  ablation  used  in  atomic  spectroscopy 
will  be  presented  Including  disadvantages/advantages. 


Introduction 

The  interaction  of  energy  and  matter  produces  three  closely  related  analytical  techniques,  atomic  absorption  (AAS),  atomic 
emission  (AES),  and  atomic  fluorescence  spectrometry  (AFS).  These  atomic  spectroscopic  techniques  have  become  widely  used  and 
accepted  for  minor,  trace,  and  ultra-trace  metal  determination  in  a  wide  variety  of  complex  samples  due  to  a  number  of  interrelated 
factors  including  low  detection  limits,  high  sensitivity,  high  selectivity,  low  precision,  a  wide  range  (~70)  of  metals  can  be  deter¬ 
mined,  ease  of  operation,  widespread  availability,  modest  cost  per  sample  after  initial  cost  of  instrumentation,  relative  freedom 
from  interferences  and  acceptable  accuracy.  State-of-the-art  atomic  spectroscopic  instrumentation  has  become  highly  developed 
with  high  resolution  monochromators  eliminating  almost  all  spectral  overlap  except  in  cases  of  near  overlap,  background  correction 
devices  such  as  continuum  source.  Zeeman  and  Smith-Hieltje  eliminating  molecular  absorption  and  light  scattering,  leading  to 
improved  analytical  accuracy,  detectors  with  low  dark  current  and  linear  response,  efficient  atom  reservoirs,  sophisticated 
electronics,  and  a  high  degree  of  automation.  Despite  all  these  developments,  the  major  limitation  appears  to  be  the  sample  intro¬ 
duction  process  which  is  used  to  present  the  sample  in  a  suitable  form.  It  has  been  referred  to  as  the  "Achilles'  heel”  of  atomic 
spectroscopy  by  Browner  and  Boom'  wt.o  also  state  that  in  the  atomic  spectroscopic  measurement,  the  analysis  can  only  be  as  good  as 
the  sample  introduction.  Approaches  to  sample  introduction  have  been  reviewed  by  Browner  and  Boom'  and  Sneddon^  who  concluded 
that  the  type  of  system  will  depend  on  a  number  of  variables  including  the  physical  stare  of  'he  sample  (solid,  liquid,  gas  or 
mixture),  level  of  analyte  to  be  determined,  amount  of  sample  available,  required  accuracy  and  precision,  and  available  atomic 
spectroscopic  technique.  Sample  introduction  techniques  can  be  divided  into  two  general  areas,  direct  and  hybrid,  and  are 
summarized  in  Fig.  1 .  The  operation,  relative  merits  and  application  of  these  sample  introduction  techniques  are  discussed 
elsewhere.^ 


Atomiratfon'ExcItatfon 


Atomlzalfoni  Excitation 


Figure  1.  Direct  and  Hybrid  Sample  Introduction  Techniques. 
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^  K  '^se(  ablation  (vaporization)  for  sample  introduction  of  small  amounts  of  material  was  recognized  after  the 
I  vention  of  the  ruby  laser  in  the  early  1960's,  where  its  chief  advantages  are  the  ability  to  handle  microgram  massL  ol  conductina 
^d  non-condi'cting  material,  ability  to  investigate  surfaces  and  hetergeneites  in  solids,  and  efficient  vaporization.  The  technique  has 
^eri  applied  to  AAS,  AES,  and  AFS,3  and  the  atom  reservoirs  used  (or  potentially  usable)  are  shown  in  Fig.  2.  In  t,)is  oaoer  laser 
ablation  for  sample  introduction  will  be  limited  to  AAS  and  AES  with  plasmas.  ^  ^  ' 


Sample 

Introduction 


Atomic 

Spectroscopic 

Technique 


Atom 

fteservoirs 


Figure  2.  Atomic  Spectroscopic  Techniques  and  Atom  Reservoirs  Used  for  Sample  Introduction  with  Laser  Ablation. 


When  laser  light  is  focused  and  absorbed  by  the  surface  of  a  solid  sample,  a  'ariefy  of  phenomena  can  occur  including  surface 
heating,  ablation  (vaporization),  dissociation,  phase  changes,  and  excilalion.  A  sample  model  has  been  proposed  by  Klocke'’ who 
postulated  that  a  portion  of  the  light  is  transformed  into  heat  energy  when  light  flux  is  incident  on  the  surface  of  a  solid  sample.  The 
energy  level  of  the  electrons  on  the  surrounding  surface  is  raised  and  transferred  to  the  surrounding  surface  by  electron  impact,  and 
the  electron  erupts  at  a  high  velocity,  leaving  a  crater  on  the  surface  of  the  solid  sample.  Laser  parameters  of  wavelength,  pulse  rate 
(repetition  rate)  and  irradiance  and  sample  type  (surface)  will  affect  the  ablation  process. 

( 1 )  Lasef.Wavelengiti 

Bingham  and  Salter^  compared  CO2  laser  (wavelength  of  10.6  pm),  ruby  (wavelength  694  nm),  and  Nd;  YAG  (wavelength 
1064  nm)  as  sources  for  ion  production  in  mass  spectrometry  using  a  steel  standard  and  concluded  that  the  shorter  the  wavelength 
the  more  material  ablated  and  ‘•'.ibsequenlly  the  higher  the  sensitivity. 


In  general,  the  higher  the  pulse  rate,  the  lower  the  precision  and  higher  the  sensitivity.  The  lower  precision  is  attributed  to 
reduced  sample  inhomogeneities  and  the  higher  sensitivity  due  to  more  material  being  ablated.®' 'o 


Many  solid  samples  can  be  vaporized  at  irradiances  in  the  range  10^  to  10^  W/cm2.  Carr  and  HorlicRl'  found  a  Q-swilched 
pulse  generated  25  pg  of  material  whereas  a  normal  mode  pulse  produced  500  pg  of  material.  In  general,  the  highest  pulse  radiance 
should  be  used  to  minimize  the  dependence  on  surface  or  sample  type. 


The  density  of  a  powdered  sample  or  hardness  of  a  solid  sample  such  as  a  steel  sample  will  affect  the  emission  or  absorption 
signal  when  using  a  low  power  laser.  Using  a  power  of  100  mj  per  pulse  the  effect  of  density  of  various  copper®  and  manganese'2.i3 
compounds  with  a  constant  mass  of  copper  or  manganese  is  shown  in  Fig.  3.  This  was  shown  to  be  similar  when  copper  is  in  very 
hard  allow  steel  '•’d  powder.' 2 


ril  I  (Tfinra  Tn 


Sample  introduction  using  laser  ablation  has  been  used  in  atomic  absorption  spectrometry  with  a  flame and 
electrothermal  atomizer.  '  Detection  limits  for  the  flame  were  in  the  ng  range  for  Fe,  Na,  Cd,  Cu,  and  Zn  and  precisions  around 
10%.''*  Using  the  electrothermal  atomizer.  At,  Cr,  Cu,  Fe,  Mn,  Mo.  Ni,  and  V  were  determined  in  brasses,  carbon  steels,  alloys  and 
Al  alloys  with  precision  in  the  2.1  to  10%  range,  and  detection  limits  from  1.9  ppm  for  Fe  in  brass  'c  32  ppm  for  Cu  in  Al  alloy .2° 


14. 


VA,  1985),  pp  508-515  and  references  cited  within  this  paper. 

M.  Kotaka,  S.  Sato  and  K.  Shimokoshi,  J.  Fluorine  Chem.  37,  387  (1987). 
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jre  3.  Elieci  o1  Density  of  (a)  Copper  anr^  (b)  Manganese 
Compounds  (Constant  Mass  of  Copper  and  Manganese). 
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Laser  Ablation  Atomic  Emission  Spectrometry 


Sample  introduction  using  laser  ablation  has  been  used  in  atomic  emission  spectrometry  using  the  inductively  coupled 
,maj  ^>21.22  (jirect  current  plasma.^*’®-^^  and  microwave  induced  plasma.^^'^^  A  more  recenl  use  of  laser  ablation  has  been 
icUvely  coupled  plasma-mass  speclrometry.26-27  m  case  the  fCP  is  used  as  an  ion  source  in  mass  spectrometry.  Detection 
s  for  As,  Sb.  Te,  Ag,  Mn,  Cd,  Pb.  and  Bi  were  in  the  0.04  to  0.6  pg/g  range  with  precision  and  accuracy  of  ±5%.27 


Laser  Ablation-Direct  Current  Argon  Plasma  Emission  Soeclromelrv 


Recent  work  from  this  laboratory  has  shown  the  potential  of  laser  ablation-direct  current  argon  plasma  emission  speclrom- 
for  metal  analysis  in  solid  and  powdered  samples. Detection  limits  were  in  the  pg/g  range  for  metals  investigated, 
:lsions  typically  under  10%,  long  linear  dynamic  range  and  acceptable  accuracy  obtained  via  standard  additions.  However,  a 
jlem  was  noted  that  different  copper^o  an(j  manganese^^  compounds  with  the  same  concentraiion  of  analyte  gave  different  signals 
:  calibration  curves  could  only  be  used  if  the  matrix  of  unknown  samples  and  standards  were  similar. 

The  effect  of  increasing  concentration  of  various  sodium  hatides  on  a  constant  concentration  of  1000  pg/g  of  copper  (as 
Jer  (11)  chlonde)  is  shown  in  Fig.  4. 

There  is  no  significant  deviation  in  the  emission  signal  when  the  sodium  halide  concentration  is  less  than  the  copper  concen* 
on.  However,  as  (he  concentration  of  sodium  halide  increases  over  the  concentraiion  of  copper,  a  depression  in  (he  copper 
ssion  signal  occurs,  and  at  lOOx  concentration  of  sodium  halide  to  copper,  a  reduction  of  50-70%  occurred  (depending  on  sodium 
de).  A  larger  concentration  of  sodium  halide  would  not  produce  a  pellet  due  to  lack  of  cellulose  which  prevented  binding,  but  it  is 
sonable  to  assume  that  the  greater  the  ratio  of  sodium  halide  to  copper,  (he  greater  the  magnitude  of  the  depression.  An  examina- 
of  the  results  of  Fig.  4  show  that  the  magnitude  of  the  depression  increases  Nal  >  NaF  >  NaCI  >  NaBr  and  approximately  correlates 
i  Ihe  trend  in  density  of  the  sodium  halides  but  not  the  boiling  points.  It  is  probable  (hat  the  pellel  with  the  highest  density  (Nal) 
ses  the  lowest  emission  intensity  and  the  pellet  with  the  lowest  density  (NaF)  causes  the  highest  emission  intensity.  In  all  cases, 
jre  the  density  of  the  pellet  is  increased,  a  depression  will  occur-the  magnitude  depending  on  the  ratio  of  analyie  to  the  matrix. 

The  effect  of  different  sodium  halides  on  the  emission  intensity  of  manganese  metal,  manganese  dioxide,  and  manganese  sulfate 
shown  in  Table  1. 

Table  1 


Effect  of  Different  Sodium  Halides  on  Emission  Intensity  from 
Different  Manganese  Compounds^ 


Comnound 

Matrix 

nclalive  Emission  Inlensilv 

Mn 

Cellulose 

1 .30 

Mn 

Cellulose  +  NaCI 

1.18 

Mn 

Cellulose  +  Nal 

1.21 

MnO^ 

Cellulose 

4.02 

Mn02 

Cellulose  +  NaCI 

3.69 

Mn02 

Cellulose  4  NaOr 

3.73 

Mn02 

Cellulose  *  Nal 

3.73 

MnS04 

Cellulose 

1 .52 

MnS04 

Cellulose  4  NaCI 

1  .32 

MnS04 

Cellulose  4  Nal 

1  .33 

manganese  concentration  of  1240  pg  g  ’  and  sodium  halide  concentrafion  of  1000  pg  g 


In  all  cases,  the  introduction  of  sodium  halide  concentration  reduced  the  relative  emission  intensity  of  the  particular 
manganese  compound  by  8-13%,  depending  on  the  halide  and  manganese  compound.  While  different  sodium  halides  had  slightly 
different  effects,  the  relative  magnitudes  were  not  considered  sufficient  to  support  the  hypothesis  that  the  density  of  the  matrix 
effects  the  mission  intensity. 


{loparUhmic  scale) 


Figure  4.  Effect  of  Increasing  Mass  of  Sodium  Halides  on  Copper  Emission  Intensity  of  324.7  nm. 


Conclusion 


The  work  from  this  laboratory  and  others  have  shown  the  potential  of  laser  ablation  of  solid  and  powdered  samples  for  sample 
introduction  to  an  atomic  spectroscopic  atom  reservoir  for  quantitative  metal  analysis.  Some  potential  interferences  due  to  a  matrix 
can  occur  but  may  be  overcome  using  the  method  of  standard  additions.  Despite  the  work  on  this  area,  little  is  known  on  the  mecha¬ 
nism  of  laser  ablation.  The  potential  cost  and  reliability  of  the  laser  can  be  a  problem.  Nevertheless,  it  is  the  opinion  of  the  author 
that  laser  ablation  for  sample  introduction  in  atomic  spectroscopy  will  continue  to  grow  and  perhaps,  in  the  not-too-distant  future,  a 
commercial  system  may  be  available. 
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Abstract 


An  "ab  initio"  theory  of  Stimulated  Rotational  Raman  Scattering  which  includes  pump  and 
population  depletion,  degeneracy  effects,  stokes  and  antistokes  to  all  orders,  multirotational  lines, 
polarization  effects,  multiphoton  processes,  distributed  spontaneous  emission,  and  time  dependence, 
is  described.  The  theory  has  been  derived  specifically  for  diatomic  molecule,  but  is  readily  modified 
to  polyatomic  molecules  provided  that  the  appropriate  transformation  coefficients  are  used  in  the 
Wigner-Eckart  theorem.  The  theoretical  values  of  the  small  signal  gain  for  A'j,  obtained  from  the 
theory,  agree  well  with  the  experimental  values. 

A  numerical  code  based  on  the  above  mentioned  theory  has  been  written  which  has  ‘he 
cc'mplete  (x,y,z,t)  dependence.  Preliminary  results  of  the  code  indicate  that  the  Raman  small  signal 
gain,  G  (cm/Tw),  is  a  decreasing  function  of  the  pump  intensity,  for  sufficiently  large  power  levels 
(A.C.  Stark  effect). 

The  stokes-antistokes  suppression  effects  for  a  plane  wave  has  been  recovered.  It  is  shown, 
however,  that  the  inclusion  of  diffraction  severely  limits  the  effectiveness  of  this  suppression 
mechanism. 

Due  to  the  complex  nature  of  the  governing  eqiuations  the  code  contains  an  artificial  intel¬ 
ligence  (A.I.)  subroutine  which  generates  a  Fortran  output  describing  the  complete  set  of  coupled 
differential  equations  for  the  electric  fields  and  polarizations  once  the  user  specifies  the  number  of 
rotational  lines  and  stokes-antistokes  fields  that  are  to  be  included. 


Theory 

In  this  section  we  shall  briefly  describe  the  "ab  initio"  theory  for  stimulated  rotational  Raman 
scattering  (SRRS).  The  basic  elements  and  fundamental  steps  will  be  given  without  much  of  the 
intervening  algebra.  A  future  publication  will  give  a  more  in  depth  description  of  the  theory. 

The  approach  followed  here  is  similar  to  the  one  used  in  <’*.  The  state  of  the  molecule  is 
represented  by  the  state  vector  >  ; 

|^>  =  ,  (1) 
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where  C,  is  the  time  dependent  probability  amplitude  of  the  state  n  and  is  the  corresponding 
energy.  For  simplicity  of  notation,  we  assume  that  the  molecule  is  completely  characterized  by  one 
quantum  number.  This  assumption  will  be  relaxed  later  on.  The  energy  levels  of  interest  for  the 
Raman  process  in  Nj  are  shown  below: 


Upper 

Levels 


/ 


Lower 

Levrls 


(* 


fl'rig 


x^y  ,  y  =  0 


For  the  remainder  of  the  paper,  the  convention  to  indicate  lower  (upper)  energy  levels  with  lower 
(upper)  case  subscripts  will  be  used.  Following  we  shall  expand  the  probability  amplitudes  in  a 
series, 

Q  =  Cf  +  Cf  +  .  (2) 

with  Q®’  >  >  >  >  ...,  and  similarly  for  the  upper  case  subscript  C^- 

Before  proceeding  with  the  derivation  of  the  equation  of  motion  of  the  Q 's,  the  expressions 
for  the  Raman  (two  photon)  polarizability  will  be  given. 

The  standard  definition  of  the  polarizability  is 

P  =  Y,d^C;„C„e*'^-\  (3) 

mn 

where  the  summations  extend  over  both  the  lower  and  upper  levels.  is  the  dipole  moment 
matrix  element  between  the  m'"  and  w'*  energy  levels,  and  =  W„  —  .  Assuming  that  the 

molecule  is  infrared  inactive  =  0)  ,  the  polarizability  may  be  written  as: 

P  =  +  C.C.  .  (4) 

mN 

where  the  summation  over  m  {N)  extends  only  over  the  lower  (upper)  energy  levels. 

Substituting  (2)  into  (4),  we  obtain 

P  ^  +  C.C.  .  (5) 

mN 

The  equations  of  motion  for  the  Q®*  's  are  obtained  from  the  Schrodingcr  equation  for 
I  \l/  >  and  using  of  the  Adiabatic  Following  Approximation  (AFA).  The  Schrodinger  equation  is 

{H,  +  =  ih-j^\ij,>  ,  (6) 
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where  is  the  unperturbed  Hamiltonian,  and  H,  is  the  interaction  Hamiltonian.  With  the  usual 
procedure  we  obtain  the  equation  for  the  probability  amplitude  C* 

/  ft  =  -  Yf-  +  C.c)  ,  (7) 

«/ 


where  the  summation  over  /  extends  to  all  the  optical  fields  of  frequency  cu/ ,  wave  vector  and 
complex  amplitude  £y .  z  is  the  direction  of  propagation.  Using  the  AFA,  we  obtain  the  as 
function  of  the  Q®'  from  Eq.  7,  then  substituting  CP  back  again  in  Eq.  7,  we  obtain  the  following 
equation  of  motion  for  the  : 


^liknfj)  =  ITfe,  -  (g>/  +  o>y)  . 
^2iknf/)  =  Wh,  -  {(Of  -  (Of)  , 

=  Wh,  +  f^f  -  (Of)  , 

=  Wh,  +  [coj.  +  ay)  , 

(PiiNnJ)  =  Wjf„  -  (Of. 

(p2{Nn/)  =  W,^„  f  (Of. 


(8a) 


m 


In  the  expressions  for  P  only 


-(0)  MO)* 


is  required;  this  is,  of  course,  the  standard  density  matrix  element.  The  equation  of  motion  for 
p„„, ,  or  alternatively,  for 


Cmn  ~  Pmn  ^ 


where  c  is  the  speed  of  light  in  vacuum,  will  be  obtained  from  Eq.  8a  following  the  procedure 
oft'>.  From  inspection  of  Eq.  8a,  it  is  clear  that  only  the  second  and  third  terms  in  the  [  ] 
contribute  significantly  to  the  growth  of  Q®> ,  because  for  appropriate  combinations  of 
k,  n,  f .  and/,  ^2  and  1^3  may  vanish  and  stationary  terms  arc  obtained.  Alternatively,  no  combi¬ 
nations  of  k.  n.  f,  and  /may  null  and  ij/j .  As  usual,  we  assumed  that  there  are  no  resonances 
between  the  pump  fields  and  the  molecular  transitions.  That  is,  the  (/>]  and  (p^  will  not  vanish. 
Under  these  conditions,  Eq.  8a  may  be  rewritten  as: 
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(10») 


where 


o  Nkf)''  ^  wMf)"  h 


where  the  subscript  kn  +/  stands  for  +  (By .  This  notation  will  be  used  for  the  remainder  of 
the  paper.  In  deriving  the  expression  for  /ft, ,  we  used  the  conditions 

^liknff)  =  UknfJ)  =  0  •  (10c) 

/ft  plays  the  role  of  an  "effective  Hanultonian"  for  the  equation  of  motion  of  the  CP  .  Effective 
Hamiltonians  are  encountered  in  many  physical  problems  and  are  usually  empirically  derived;  in  this 
case,  a  rigorous  derivation  was  possible.  It  can  be  shown  that  H‘  is  Hermitian.  In  general  though, 
"effective  Hamiltonian^'  may  not  he  Hermitian  because  they  do  not  represent  observables. 

We  now  explicitly  describe  the  quantum  state  of  the  molecule  by  the  rotational  quantum 
number  m  and  the  magnetic  quantum  number  .  The  corresponding  equation  of  motion  of  the 
density  matrix  elements  is  obtained  with  the  help  of  Eqs.  10a,b; 

r-l r 


i  cp.iNnj) 


<P2{Nnj) 


where,  for  a  diatomic  molecule 

(Nwm  (mwiiv) 


-  ■ 


flm  +  1  V2Ar  +  1 


-q',  \,q'\N,firn-q> 
<N,ti^-q,  \,q,  \m,n^>  , 


where: 


<  I  >  are  the  Clebsch— Gordan  coefficients, 

(  II  )  are  the  reduced  matrix  element, 

(iviwio  =  ^(ivil«-110 , 

n.  is  a  unit  vector, 

d  is  related  to  the  polarizability  anisotropy  (y)  of  the  molecule. 

£«(+/  is  the  phasor  of  the  optical  fields  of  frequency  w  =  W„  —  W/  +  coj^ .  C;,,  is  the  ?'*  component 

of  the  electric  field  vector  in  spherical  coordinates  which  characterizes  the  optical  field  polarization, 
and  is  the  relaxation  rate. 

The  wave  equation  in  the  paraxial  approximation  is: 
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(12) 


The  method  of  integration  of  Eqs.  11-13  will  not  be  discussed  here.  It  suffices  to  say  that 
the  time  dependence  and  diffraction  effects  are  treated  in  a  mathematically  consistent  way.  The  spht 
algorithm  method  and  the  method  of  characteristics  are  used  to  reduce  the  system  of  ordinary  and 
partial  differential  Eqs.  11  -  13  to  a  system  of  ordinary  differential  equations  only.  These  equations 
are  then  integrated  by  standard  techniques. 

In  view  of  the  complexity  of  Eqs.  11-13  for  the  case  of  numerous  rotational  levels  and 
stokes-antistokes  fields,  an  A.I.  routine  has  been  written  which  generates  the  Fortran  code  for  these 
equation.  The  user  needs  only  specify  the  rotational  lines  and  stokes-antistokes  to  be  considered. 

The  numerical  code  has  been  used  to  compute  the  small  signal  gain  (G)  for  Aj.  The 
polarizability  anisotropy  is  obtained  from  "ab  initio"  calculations  to  be  y  =  7xl0'“cm^.  The 
relaxation  rates  for  the  off  diagonal  elements  have  been  found  in  From  the  above  theory,  we 
calculated  G  =  2.25cm/Tw  for  the  J  =  8  line  for  linearly  polarized  pump  and  stokes  fields.  This 
result  compares  with  the  experimental  value  of  2.5  cm/Tw  for  air  at  sea  level.  The  agreement 
appears  to  be  quite  satisfactory  in  view  of  the  fact  that  our  calculations  do  not  contain  any  adjust¬ 
able  parameters. 


The  code  has  been  run  to  study  the  propagation  from  space  of  an  HEL  beam  focused  on  a 
target  in  the  atmosphere.  In  Fig.  1  we  present  the  growth  of  the  stokes  energy  as  function  of  the 
altitude  in  the  absence  of  diffractive  effects.  The  calculations  are  initiated  from  spontaneous 
emission  noise;  pump  and  stokes  fields  only  are  present.  The  results  show  that  as  the  pump  energy 
is  increased  from  5  W  to  35  kJ  the  altitude  at  which  pump  depletion  is  reached  increases.  A  further 
increase  in  energy  in  the  pulse  from  35  to  100  kJ  then  brings  a  decrease  in  the  pump  depletion 
altitude.  This  result  may  be  interpreted  as  due  to  the  AC  Stark  effect  which  broadens  the  Raman 
gain  line  and  decreases  the  peak  gain  <*’.  Fig.  2  presents  the  field  amplitude  of  the  pump  and  stokes 
fields  as  function  of  time  at  z  =  46  km  for  the  100  kJ  pulse.  The  diffraction  effects,  for  the  case 
of  pump  and  stokes  only,  are  shown  in  Figs.  3-4.  A  Gaussian  beam  is  launched  from  60  km  and 
depicts  at  approximately  46  km;  the  beam  is  focused  at  z  =  0  km.  The  energy  fluxes  of  the  pump 


921 


and  stokes  are  shown  in  Figs.  3a  and  3b.  The  asymmetric  profiles  of  the  pump  and  stokes  reflect 
the  randomness  of  the  spontaneous  emission  seed.  In  Figs.  4a  and  4b  a  snapshot  in  time  of  the 
pump  and  stokes  phases  are  given.  The  stokes  phase  is  completely  random  at  60  km,  but  acquires 
the  distinct  parabolic  shape  by  z  =  46  km. 

In  the  absence  of  dispersion  it  is  well  known  that  when  both  stokes  and  antistokes  are 
present  in  a  collinear  plane  wave  geometry  a  nearly  complete  suppression  of  the  stokes  gain  takes 
place.  The  code  has  been  run  under  these  conditions  and  the  results  are  shown  in  Fig.  5.  As 
expected,  the  stokes  Raman  gain  is  strongly  suppressed.  These  results  are  similar  to  the  ones 
reported  in  In  the  presence  of  diffraction,  however,  the  suppression  effect  is  strongly  reduced 
as  shown  in  Fig.  6.  Observe  that  the  growth  rate  of  the  stokes  and  antistokes  is  nearly  equal  to  the 
growth  rate  of  the  stokes  only  in  the  absence  of  diffractive  effects,  as  can  be  seen  by  comparing  the 
results  of  Figs.  6  and  1.  The  energy  flux  of  the  stokes  and  antistokes  as  function  of  the  transverse 
position  at  different  altitudes  is  shown  in  Fig.  7.  Observe  that  at  higher  altitudes  stokes-antistokes 
suppression  is  evident  at  r  =  0,  and  at  lower  altitudes  the  effect  is  smeared  out  by  diffraction  effects. 


Summary  &  Conclusion 

An  "ab  initio'  theory  for  SRRS  has  been  presented  which  is  based  on  the  density  matrix 
approach.  This  theory  properly  treats  the  field  polarization  effects,  is  time  dependent,  and  includes 
an  arbitrary  number  of  stokes  and  antistokes  fields. 

Preliminary  results  from  a  numerical  code  based  on  the  theory  have  been  presented.  The 
small  signal  gain  for  the  J  =  8  of  JV;  as  calculated  from  the  code  is  in  very  good  agreement  with  the 
experimental  value.  It  has  also  been  shown  that  in  the  presence  of  diffraction  the  suppression  of 
the  stokes  gain  for  the  case  of  stokes  and  anti-stokes  fields  in  a  collinear  geometry  is  significantly 
reduced  relative  to  the  case  of  no  diffraction. 

The  theory  presented  can  be  readily  extended  to  the  case  of  polyatomic  molecules  by  using 
the  appropiate  transformation  coefficients  in  the  Wigner-Eckart  Theorem. 

A  more  detailed  presentation  of  the  theory  and  results  will  be  given  in  a  future  paper. 
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MULTIPLEX  CARS  FOR  COMBUSTION  DIAGNOSTICS 

J.P.  Singh  and  F.Y.  Yueh 
MHO  Energy  Center 
Mississippi  State  University 
Mississippi  State,  MS  39762 

Abstract 


A  multiplex  coherent  anti-Stokes  Raman  spectroscopy  system  (CARS)  to  measure  the  temperature  and  soecies 
concentration  in  a  combustion  environment  is  described.  The  nine  parameter  fitting  program  is  used  to  compare 
the  observed  CO2  spectra  with  computer  simulated  spectra.  These  measurements  are  nerf armed  in  a 
methane/oxygen  diffusion  flame. 


Introduction 

Coherent  anti-Stokes  Raman  spectroscopy  (CARS)  is  one  of  the  best  line-of-sight  techniques  available  for 
combustion  diagnostics.  The  directional  property  of  the  CARS  signal  provides  remote  detection  without  much 
attenuation.  Due  to  its  nonlinear  effect,  it  is  produced  at  the  focal  point  which  gives  the  soatial  resolu¬ 
tion.  The  simultaneous  recording  of  the  broad  region  of  spectra  with  multiplex  CARS  provides  the  temporal 
resolution.  1  a 

CARS  has  been  used  to  measure  the  temperature  '  and  soecies  concentration  ’  of  the  combustion  media. 
The  thermometry  is  usually  done  with  N2  CARS  and  sometimes  with  Op,  H2O,  and  Hp  CARS.  The  COp  CA°S  snectra 
has  not  been  explored  in  detail  due  to  non-availability  of  its  precise  spectroscopic  data.  More  re<"ined  data 
is  coming  in  the  literature.^’  The  CO2  CARS' ‘  has  been  used  to  measure  the  temperature  of  the  combustor. 
CO2  CARS  studies  have  been  started  to  explore  its  full  potential  using  the  best  available  snectroscooic  data. 
In  this  present  paper  it  will  be  demonstrated  that  CO2  CARS  can  be  used  to  measure  the  concentration  of  C02^ 
Various  problems  associated  with  modeling  the  spectra  will  be  highlighted. 

Theoretical  Considerations 


The  general  expression  for  the  anti-Stokes  sp^(^tral  density  in  terms  of  the  spectral  density  lineshaoes  of 
the  pump  and  Stokes  laser  beams  can  be  expressed  ‘  “ 


'  ^I’^CARS 


l3(“2)6(wj+o)2-co2-w^)  du;j  du^ 


(1) 


where  the  Ii(“i),  l3('^3).  and  l2(<«2)  Pninp  lasers  and  Stokes  laser  spectral  density  functions  which 

depend  on  angular  frequencies  ana 


XcARs  third  order  susceotibi 1 i tv. 

’^CARS  "  '^nr  ^  x^(wj-w2)  +  1/2  X^(o-'3-m2) 


If  the  line  overlap  is  small,  Xr(“i"'’‘2)  be  expressed 
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where  N  is  the  number  density  of  the  Raman  active  molecule,  is  the  population  difference  between  uooer  and 
lower  vibrational  states,  pj  is  the  polarizability  matrix  element,  and  xj  is  the  pressure-broadened  linewidth 
(HWHM) . 

The  CO2  CARS  measurements  require  the  comparison  between  experimental  data  and  theoretical  spectra.  The 
CO2  CARS  spectra  has  to  be  modeled  carefully.  CO2  is  a  linear  triatomic  molecule.  It  is  characterized  bv 
vibrational  quantum  numbers  v],  V2,  v3  of  the  fundamental  vibrational  mode  and  a  vibrational  angular  momentum 
quantum  number  t2«  The  accidental  degeneracy ,  u  j  -  2  v2.  results  in  the  Fermi  resonant  effect  in  which  the 
vibrational  states  of  these  two  modes  are  mixed  together.  This  causes  a  perturbation  of  the  vibrational 
energy  levels  and  rotational  constants  which  must  be  considered  in  the  theoretical  calculation  of  COo  CARS 
spectra.  The  numerical  simulation  of  the  CO2  CARS  spectra  has  been  discussed  in  detail.'  ’  The  depolariza¬ 
tion  of  the  CO2  spontaneous  Raman  spectrum  is  relatively  small. Therefore,  the  D-branch  transitions  are 
more  important  than  other  branch  transitions.  The  calculations  in  this  paper  include  only  O-branch  bands. 
Nineteen  Q-jljranch  bands  have  been  observed  for  high  temoerature  CO2  CARS  snectra  in  the  soectral  range  ISRS  - 
1A55  cm'l.  In  order  to  ^''J>del  CO2  CARS  in  this  spectral  range,  the  experimental  energy  level  Parameters 
given  by  Rothman  and  Young'”  were  employed  for  these  bands.  The  influence  of  f,-tyne  doubling  on  the  rota¬ 
tional  constants  was  taken  into  account  for  CO2.  The  eigenvalue  and  eigenvector  of  the  perturbed  Hamiltonian 
matrix  for  each  set  of  Fermi  resonant  states  were  solved.  The  perturijejd  eigenvector  was  used  to  calculate  the 
perturbed  pol ar^ij^abi  1  i ty  matrix  element  following  Hall's  treatment.  The  Raman  linewidths  for  COo  were 
approximated  by 


Yj  =  0.05  (300/T)'’-75 


(3) 
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It  has  been  found  that  the  rotational  lines  for  the  0-branches  of  CO2  ai“e  closely  soaced  and  this  results 
in  appreciable  line  overlap.  The  pressure  narrowing  effect  is  important  even  at  1  atm  pressure  in  COp.  An 
analytical  approacji^  to  this  effect  has  been  derived  by  Hall  based  on  Gordon's  extended  diffusion  theory  of 
rotational  motion.  The  expression  for  Q-branches  becomes 


f  .  1  =  N  V  “  „ 

^2  j 

Due  to  the  difficulty  in  deriving  the  analytical  expression  for  C0«  CARS  intensity,  the 

2  2  ^ 

Ixj-arsI  ■  l^nr^’^r^“l'‘^2^  I  approximation  was  used  in  Eq.  (1).  The  anti-Stokes  soectral  density  for  the 

broadband  stokes  laser  with  Gaussian  laser  profile  then  becomes  approximately^^ 
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The  CO2  CARS  spectra  was  computed  using  Eq.  (5).  Figure  1  shows  the  variation  of  the  snectra  as  a  function 
of  concentration  of  CO2  in  Np.  Spectra  of  four  concentrations  (3,  5,  ID,  7()%)  were  computed  at  I6OO  K.  These 
spectra  were  convoluted  with  the  spectrometer  instrument  function.  It  is  evident  that  the  shape  of  the  snectra 
is  sensitive  to  concentration  and  it  may  be  used  for  CO2  concentration  measurement. 

Experimental  Oetails 

The  CARS  system  used  in  these  measurements  is  shown  in  Figure  2  and  is  a  modified  form  of  the  one  described 
in  Ref.  17.  It  has  a  frequency  doubled  Nd-YAG  laser  (Quanta-Ray,  DCR-2A).  The  residual  IR  beam  is  frequency 
doubled  again  and  is  used  to  pump  the  oscillator  of  the  broad  band  dye  laser.  Thirty  percent  of  the  qreen  beam 
pumps  the  amplifier  of  the  dye  laser.  The  same  dye  cell  is  used  as  oscillator  and  amplifier.  The  amplified 
dye  laser  output  is  expanded  4  times  and  kept  parallel  to  the  optics  table.  The  green  beam  is  expanded  l.F 
times  and  divided  equally  into  two  beams.  Both  green  beams  are  arranged  parallel  to  the  dye  laser  beam.  These 
three  beams  are  focused  into  the  diagnostics  test  region.  The  CARS  signal  generated  in  the  focal  volume  is 
separated  from  the  lasers  using  a  beam  block  and  narrow  band  pass  filter.  A  glass  slide  is  used  as  beam 
divider  to  send  a  part  of  the  CARS  signal  to  a  1P28  photomultiplier  tube  ('’MT),  An  interference  filter  from 
Oitric  Optics  (15-2027)  is  mounted  in  front  of  the  PMT.  The  output  from  the  PMT  is  connected  to  a  Tektronics 
(475A)  oscilloscope.  The  CARS  signal  is  focused  on  the  entrance  slit  of  a  0.75  m  Soex  spectrograph  equipped 
with  1800  i/m  grating.  The  EG  4  G  PARC  1254E  Silicon  Intensified  Detector  (SIT)  records  the  signal  at  the 
exit  slit  of  the  spectrograph.  This  signal  is  stored  in  1215  microcomputer  dedicated  for  recording  and  ana¬ 
lyzing  data  from  the  1254. 

A  typical  dye  solution  mixture  of  1.72  x  10"^  M  Rh  6G  and  4.4  x  10"^  *1  Rh6in  is  used  to  monitor  GO,  CAPS 
spectra.  It  gives  a  dye  laser  peak  at  5  79.5  nm  and  a  FMHM  of  7  nm  in  the  present  dye  laser  cavitv.  The  con¬ 
centrations  or  the  dyes  in  the  solution  are  changed  to  shift  the  peak  of  the  dye  laser.  This  provides  the 
suitable  dye  profile  to  monitor  the  various  regions  of  the  CO2  spectra  and  also  to  monitor  COp,  and  O9  CARS 
spectra  simultaneously.  The  dye  profile  is  recorded  with  a  0.75  m  Soex  monochromator  interfaced  with  a  cn? 
computer  drive  and  a  Hewlett  Packard  7045A  x-y  recorder. 

The  diffusion  flame  burner  used  in  the  present  measurement  is  shown  in  Figure  3.  It  has  been  fabricated 
with  an  aluminum  block  100  mm  x  65  mm  x  50  mm.  It  has  three  inlets  for  CH4,  Np  and  Op  gases.  A  stainless 
steel  rectangular  box,  100  mm  x  52  mm  x  16  mm  open  at  top  and  bottom,  is  placed  on  the  A1 -block.  A 
100  mm  X  50  mm  X  1  mm  stainless  steel  plate  divides  the  steel  box  into  two  equal  oarts.  One  nart  is  connected 
with  the  CH4  inlet  and  the  other  part  with  Op  inlet.  There  are  34  fine  holes  around  the  stainless  box,  5  mm 
apart,  in  the  Al-block,  These  holes  and  steel  box  are  covered  with  another  stainless  steel  box  130  mm  x  65  mm 
X  30  mm.  Nitrogen  gas  is  passed  between  the  stainless  steel  boxes  through  the  holes  to  keep  the  flame  vertical 
and  to  cool  the  inside  box.  This  burner  is  connected  with  a  gas  handling  system,  as  in  Ref.  18,  which  provides 
the  various  stoichiometric  CH4/O2  flames.  It  is  mounted  on  an  x-y-z  translator  which  is  attached  with  a 
stepper  motor.  The  stepper  motor  power  supply  is  controlled  with  a  Tandy  model  102  portable  computer'^  inter¬ 
faced  with  Elexor  Associates  interface  box.  This  provides  the  facility  to  monitor  the  various  regions  of  the 
flame. 


Results  and  Discussions 


The  flow  rates  of  methane  and  oxygen  are  adjusted  to  get  the  flame  to  stoichiometry  0.85  (fuel  rich).  CO9 
CARS  spectra  were  recorded  on  the  Optical  Multichannel  Analyzer  (OMA),  as  shown  in  Figure  4,  at  a  distance  oF 
2  mm  from  the  center  of  the  CH4/D2  flame  towards  the  CH«  side.  The  height  of  the  Focused  laser  beams  are  7 
from  the  burner.  The  dye  laser  peak  was  575.6  nm  with  FWHM  7  nm.  The  spectrum  is  integrated  up  to  IhD  scans 
at  the  monochromator  central  position  of  496  nm.  It  shows  the  various  bands  formed  due  to  the  Fgrmi  resonance 
of  symetric  stretch  (vj)  and  bending  stretch  (21)3).  The  various  bands  are  assigned  in  riqure  4,  The  band  at 
1447  cm"^  has  two  CO2  bands  and  an  Hp  pure  rotational  line  S(5).  The  band  progression  at  17R5  cm-1  was 
recorded  to  compare  with  bands  at  1388  cm'^.  It  is  clear  in  Figure  4  that  the  intense  feature  at  1447  cm"^  is 
not  due  to  COp.  The  COp  CARS  spectrum  is  superimposed  on  the  non-resonant  background. 
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Figure  5(a)  shows  the  fit  of  the  model  spectra  with  experimental  spectra  recorded  at  the  nrevious  con¬ 
ditions.  The  dye  laser  peak  was  579.5  nm  and  the  spectrum  was  averaged  up  to  ?00  scans.  The  nine  narameter 
fitting  program  was  used  to  compare  the  observed  spectra  with  the  library  of  computer  simulated  spectra.  The 
modeling  of  H2  has  not  yet  been  included  in  the  program.  The  observed  spectrum  is  in  reasonably  good  agreement 
with  model  spectra.  It  gives  a  temperature  of  868  K  and  a  CO2  concentration  of  4.n.  CARS  spectrum  recorded 
at  1  mm  from  the  center  of  the  flame  toward  the  O2  side  is  shown  in  Figure  5(b).  The  spectrum  is  slightlv  ooor 
in  signal -to-noise  ratio  due  to  averaging  only  50  pulses.  Fitting  of  this  spectrum  with  a  computer  simulated 
spectrum  gives  a  temperature  1648.6  K  and  a  CO2  concentration  of  11.3%.  The  fit  of  this  soectrum  is  not  as 
good  as  the  previous  spectrum,  especially  in  the  lower  frequency  wing  of  the  bands.  The  shape  of  the  band  at 
1448  cm'l  is  completely  different  from  the  shape  of  the  computed  band.  It  might  be  due  to  the  position  of  CO? 
bands  and  also  due  to  the  superposition  of  the  H2  5(5)  line.  The  interference  of  the  H2  rotational  line  and 
the  linewidth  of  CO2  at  higher  temperatures  might  be  possible  reasons  for  the  bad  fit  at  higher  temperatures . 
The  spectra  have  also  been  recorded  at  various  points  across  the  flame  at  a  height  of  7  mm.  The  colder  snectra 
were  better  matched  with  computed  spectra  than  the  hotter  spectra.  The  observed  results  can  be  qualitatively 
summarized  as  follows.  The  concentration  of  H2  increases  as  one  moves  away  from  the  center  towards  the  CH^ 
side  up  to  4  mm  and  then  decreases.  In  the  same  way  the  CO^  concentration  increases  up  to  3  mm.  The  variation 
in  concentration  across  the  flame  may  be  partly  due  to  temperature  variation  and  to  mixing  of  fuel  and  oxi¬ 
dizer.  The  spectra  containing  O2,  H2  and  CO2  has  also  been  recorded  simultaneously  with  the  anorooriate  dye 
laser.  To  get  the  quantitative  picture,  the  CO2  CARS  spectra  will  be  recorded  in  a  quartz  cell  nlaced  in  a 
furnace  at  different  temperatures.  The  concentrations  of  CO2  and  H2  will  be  changed  in  the  gas  mixture.  These 
experiments  will  provide  enough  information  to  calibrate  the  CO2  CARS  spectra  for  concentration  measurements. 
The  work  is  also  continued  to  get  better  fits  of  the  spectra  at  higher  temperatures  using  more  refinnd 
spectroscopic  data.^° 


Conclusions 


The  CO2  model  spectra  is  sensitive  to  the  CO2  concentration  and  can  be  used  for  CO2  concentration  measure¬ 
ments  in  combustion  media.  This  preliminary  study  of  CO2  CARS  shows  tha*  the  computer  modeling  gives  a  better 
fit  for  spectra  at  lower  temperatures.  Further  refined  spectroscopic  data  is  needed  to  model  the  snectra  at 
higher  temperatures.  The  simultaneous  recording  of  O2,  H2  and  CO^  CARS  spectra  will  give  concentrations  of 
these  species.  This  will  provide  information  about  the  various  combustion  processes  in  the  test  media. 
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Figure  2. 

Schematic  diagram  of  the  CARS  instrument. 
Code:  M,  mirror;  P,  prism;  BS,  beam  split¬ 
ter;  L,  lens;  BD,  beam  dump;  DC  dye  cell; 
2X,  DK*P  doubler;  IRE;  infrared  absorbing 
glass;  SF,  spectral  filter;  S,  electromecha¬ 
nical  shutter;  PMT,  Photomul ti pi ier  ;  OMD, 
optical  multichannel  detector;  F,  flame. 
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Figure  5. 

Observed  CO2  CARS  spectra  with  computer 
simulated  spectra. 
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Pure  CO2  and  C02"N  mixtures  at  various  densities  have  been  examined  by  Raman  light  scattering.  In 
conjunction  with  molecular  dynamic  studies,  a  more  complete  understanding  of  microscopic  dynamical 
properties  of  simple  liquids  is  sought. 
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INTRODUCTION 


During  the  last  ten  years  interaction  induced  Raman  light  scattering  of  simple  fluids  (liquid  state  or 
highly  compressed  gases)  has  been  subject  of  several  theoretical  (1-5)  and  experimental  (6-10) 
investigations.  Interaction  induced  dipole  forbidden  Raman  signals  arise  from  electrical  interactions 
between  molecules  which  distort  the  isolated  molecules  point  group  symmetry.  This  distortion  switches  on 
higher  order  multipole  electrical  interaction  terms.  This  mechanism  involves  translation  motions  of  one 
distorted  molecule  relative  to  another  and  gives  rise  to  "forbidden"  signal  of  large  width.  The  width  is 
related  to  the  duration  of  interaction  and  is  clearly  dominated  by  a  very  fast  process.  In  this  paper  we 
present  experimental  results  for  CO2  and  CO2-N2  mixtures  at  various  gaseous  densities  which  allows  more 
accurate  spectral  moments  and  interaction  induced  correlation  times  to  be  obtained  from  the  CO2 

signal.  We  have  measured  both  isotropic  and  anisotropic  spectra  for  the  nttde  V2  and  compared  the 
depolarization  ratios  at  high  densities  for  pure  CO2  and  the  1:3  CO2-N2  mixture. 

EXPERIMENTAL 

The  beam  of  an  argon-ion  laser  (Spectra-Physics  2020,  IW  at  514.5  nm)  was  focused  on  a  single  window  of 
a  three  window  high-pressure  cell  containing  the  gas  to  be  studied.  The  90°  scatterir«g  was  analyzed  with  a 
conventional  Raman  double  monochromator  (Instruments  SA-1000)  and  detected  with  a  nine  stage  photomultiplier 
associated  with  a  photon  counter.  The  temperature  was  monitored  with  a  thermocouple,  it  could  be  controlled 
to  ^  0.5°C.  The  carbon  dioxide  gas  was  Linde  Precission  A^^arator  grade  (99,9%  CO2,  7  ppm  ©2,  10  ppm 
hydrocarbons)  and  the  nitrogen,  from  Alphagas  Corp.,  has  minimum  purity  of  99.998%7  To  eliminate  dust,  the 
cell  was  purged  before  experiment  withsupercritical  CO^  which  passed  through  three  filters  of  50,  15  and  5 
im  mesh.  The  slits  were  set  at  4.0  cm  for  the  V2  interaction  induced  signal  and  0.5  cm  for  the  v,  and 
2^2  allowed  signals  of  CO2;  both  settings  were  considerably  less  than  the  signal  width  observed  (<10%T  and 
deconvolution  of  the  instrumental  function  from  the  spectra  was  therefore  unnecessary. 

RESULTS  AND  DISCUSSION 

We  have  measured  the  Raman  intensity  litu)  from  the  weak  Vj  "  signal  of  pure  carbon  dioxide  at  50°C  and 

for  the  gas  mixtures  C02:N2  at  several  densities.  Each  experii^n'^  was  repeated  at  least  fifty  times  and 

then  averrged.  The  normalized  second  spectral  moments  1^2  were  calculated 

M^  =  I  (Iij)iij  ^  d 

2  -*^0  J  I(^,)  d-. 

with  Boltzman  corrections  Ig(ii')=l/2  (1  +  exp(-h  )  which  is  significant  for  such  a  broad  line. 

Table  I  shows  the  density  dependence  of  the  second  spectral  moment  and  interaction  induced  correlation 

times  T  =  J  C(t)  dt,  where  C(t)  is  an  experimental  time  correlation  function  calculated  for  the  '^'2 

signal,  the  measured  total  relative  intensity  data  are  displayed  in  Fig.  1,  2  and  3.  The  intensity  for  the 

Table  1 .  Interaction  Induced  Data  fran  CX)2's  v2  "u  signal  at  50° C 


Pure  002  C02:N2(1:1)  002:N2(1:3) 


corr. 

nor.  2nd. 

number 
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nor.  2nd. 
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time 

spectral 

density 

time 

spectral 

density 

time 

spectral 

density 

( fsec) 

moment 

1/cm^ 

(fsec) 

moment 

1/cm^ 

(fsec) 

moment 

1/cm^ 

84.7 

6.46  E3 

16.6  E21 

65.5 

7.60  E3 

17.0  E21 

78.9 

5.86  E3 

17.0  E21 

66.7 

28.03  E3 

15.2  E21 

67.4 

7.25  E3 

15.7  E21 

71.3 

3.98  E3 

15.7  E21 

56.5 

26.06  E3 

13.8  E21 

65.9 

7.96  E3 

13.3  E21 

61.5 

7.02  E3 

13.3  E21 

66.0 

3.92  E3 

12.0  E21 

— 

— 

— 

— 

86.7 

3.99  E3 

9.2  E21 

70.7 

6.49  E3 

10.4  E21 

72.0 

6.44  E3 

10.4  E21 

84.2 

0.09  E3 

5.3  E21 

74.3 

7.16  E3 

6.6  E21 

59.0 

5.58  E3 

6.6  E21 

82.1 

0.01  E3 

4.3  E21 

83.2 

4.23  E3 

3.3  E21 

— 

— 
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Fig.l.  Intensity  of  Raman  signals  from  pure  CO2  "Forbiden"  uc 
and  from  allowed'  2u2  and  ui  as  function  of  density  at  50°C. 
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Fig. 2.  Same  as  Fig.l,  but  for  COa-Na  mole  ratio  l^l  mixture 
also  at  a  temperature  of  50°C. 
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follows: 

(i)  a  clear  spectral  broadening  with  acccmpanyinq  short  correlation  times  at  a  density  of  about  13  E21 
molecules/can. 

(ii)  a  spectral  narrowing  at  densities  above  13  E21  znolecules/ccm  in  pure  CO2  only. 

(iii)  different  depolarization  ratio  behavior  in  pure  CO2  and  C02:N2  mixtures. 

The  first  two  effects  above  may  arise  from  several  possible  alternatives.  We  mention  two  here. 
Firstly,  a  three-body  like  spectral  cancellation  effect  (II)  seen  only  in  the  pure  CO-  i.e.  the  intensity 
grows  steadily  as  a  function  of  number  density  squared  until  a  density  near  13  E21  mofecules/ccm  is  reached 
At  that  poin^  three  body  cancellation  eliminates  the  prominent  high  frequency  spectral  shoulder  (located 
some  330  cm  above  u  ).  Secondly,  we  may  not  be  seeing  a  shoulder  on  the  v^  signal,  but  rather  a  dip  in 
the  spectral  intensity  due  to  exact  cancellation  of  the  component  correlation  functions  (12)  that  make-up 
the  total,  observed,  correlation  function  at  very  short  times  i.e.  high  frequency.  At  the  present  time 
either  of  these  two  possibilities  is  plausible  depending  upon  one's  point  of  view.  The  MD  calculations  on 
these  system  should  help  to  resolve  this  issue. 

The  markedly  different  depolarization  ratio  behavior  as  a  function  of  energy  from  u  ,  reveals  a 
distinct  difference  in  the  local  fields  about  a  CO2  molecule  in  pure  CD2  a  nitrogen  m?xture.  Thus,  it 
would  seem  that  the  CO-  tends  to  cluster  together,  much  as  a  gas  does  in  the  vicinity  of  the  critical  point 
Calculations  by  Amos  et  al.  (13)  have,  on  the  basis  of  only  two  interacting  CO2  particles,  shown  a 
depolarization  ratio  near  0.29.  In  the  1:3  C02:N2  mixtures  we  find,  at  co  ,  a  ratio  of  0.32,  which  is  well 
within  experimental  error.  Further,  studies  are  currently  under  way  to  understand  if  there  is  a  close 
connection  between  the  first  two  points  above  with  this  final  point. 
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ABDTPACT 

Data  acquired  in  experiments  employin/r  laser  excitation  demonstrate  that  the  state  distributions  of 
hi/^hly  excited  barium  atoms  are  drastically  altered  by  collisions.  Initially  produced  Rydber/'  ns  or  nd 
eigenstates  are  rapidly  mixed  with  nearly  degenerate  n'y '  states.  Uor  initially  produced  states  that  may 
be  viewed  as  admixtures  of  Rydberg  and  doubly  excited  independent  electron  eigenstates,  collisions  convert 
the  distribution  to  one  with  nearly  pure  (but  state-nixed)  Rydber/r  character.  Proadeninv'  of  the 
absorption  profiles  of  the  highly  excited  states  was  also  observed.  Tn  addition,  we  also  report 
preliminary  findings  of  experiments  designed  to  study  Penning  ionization  in  collisions  involving  highly 
excited  atoms,  in  this  case  excited  Pa  colliding  with  ground  state  sodium. 

Introduction 


Over  the  past  decade  or  more,  many  properties  of  Rydberg  atoms  have  been  studied^  both  theoretically 
and  experimentally.  While  much  of  the  experimental  work  has  been  performed  using  "one  electron" 
alkali-metal  atoms,  the  two-electron  alkaline-earth  atoms^  have  also  received  considerable  attention. 

Most  previous  studies  have  been  directed  tov/ard  elucidation  of  the  intrinsic  pronerties  of  these  atoms. 

In  contrast,  the  work  reported  here  wa.s  initiated  to  study  coll  isional  effects  on  the  Rydberg  states  of 
barium,  a  two-electron  atom  with  high-lying  energy  levels  readily  accessible  with  available  lasers. 

It  has  been  shown  that  the  various  states  that  result  from  a  nominal  5d7d  electronic  configuration  of 
atomic  bariian  serve  as  perturbing  states  that  alter  the  regularity  of  the  Rydberg  series.?  For  principal 
quantum  numbers  n  above  20,  the  only  significant  perturber-  is  the  one  designated  Pd7d  which  perturbs 
the  J=2  Rydberg  levels  in  the  vicinity  of  n=26.  '^e  fact  that  the  eigenstates  have  varying  relative 

Rydberg-valence  state  compositions  in  the  vicinity  of  the  perturber  has  important  conseq\iences  with 
respect  to  the  effects  of  collisions  on  these  states.  In  this  paper  we  report  and  discuss  data  that 
illustrate  some  of  these  effects. 

Just  as  for  the  alkalis'^  we  expect  collisional  state  changing,  primarily  nJ-vn'S'.  Indeed,  we  find 
this  to  be  the  case,  but,  not  unexpectedly,  only  for  the  Rydberg  component  of  the  excited  state 
wavefimction.  .As  a  consequence,  we  find  that  a  collection  of  barium  atoms  v;hich  has  been  laser  excited  to 
a  perturbed  level  with  a  substantial  5d7d  fraction  is  rapidly  converted,  by  collisions  with  other  barium 
atoms,  to  a  collection  with  a  distribution  over  many  nearly  degenerate  Rydberg  states  and  essentially  no 
5d7d  character. 

In  addition  to  state  changing  we  also  report  our  observation  that  the  excitation  profiles  of  the 
highly  excited  states  broaden  dramatically  with  increasing  excited  atom  density,  an  effect  that  we  deduce 
to  be  the  result  of  qua.sistatic  interaction  betvieen  highly  excited  atoms  during  the  laser  excitation.^ 
While  this  report  deals  mainly  with  the  effects  of  collisions  with  bariisr  atoms  on  the  initially  produced 
highly  excited  barium  atoms  we  also  report  preliminary  results  a  reactive  process.  Penning  ionization, 
involving  highly  excited  barium  and  ground  state  sodium,  "be  dual  character,  P^^dherg  and  valence  state  of 
the  perturbed  levels  offers  the  opportunity  to  contrast  the  reactivities  of  these  tv?o,  vastly  different, 
types  of  states,  r.ar  early  results  show  that  Penning  ionization  with  reactant  Rydberg  reactant  states  is 
orders  of  magnitude  greater  than  that  for  perturbed  levels. 


"he  experiments  were  performed  using  a  new  apparatus  employinr  a  well-collimated  beam  of  barium  atoms 
and  brfo  grazing  incidence  dye  losers,  pumped  by  a  single  rd;YA<l  laser.  The  cnllinear  linearly  polarized 
laser  beams,  one  green  and  the  other  blue,  intersected  the  atomic  beam  producing  highly  excited  barium 
atoms.  Pa  ,  in  two  steps,  "he  atom  density  If  in  the  beam  was  varied  over  the  approximate  range 
cm“^  as  estimated  from  the  oven  temperature  and  vapor  press\ire  curves.  For  the  Penning  ionization 
experiments  a  second  atomic  beam  oven  was  installed,  thus  providing  crossed  Pa  and  Ila  beams. 

7wo  methods  for  detecting  highly  excited  atoms  were  employed.  .At  relatively  low  7,  -irP-10^'''  cn“^, 
field  ionization  with  a  preset  delay  time,  200  ns  to  Pus,  produced  Pa+  which  were  then  detected  with  .a  fuPe 
particle  multiplier.  At  trie  higher  densities  field  ioni' ation  could  not  be  used  liecause  of  electrical 
breakdown  of  the  varor.  "he  F’y^herg  states  of  interest  in  these  experiments  are  however  rhotoioni.ze’  by 
room  temperature  blackbody  radiation,  "he  resulting  Pat  were  detectable,  thus  allowing  this  method  to  be 
used  over  the  entire  range  of  atom  densities.  Only  the  PBPI  results  will  be  discussed  here. 

’permanent  address:  TFAM,  '’isa,  T+aly. 
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Ttie  Inner  been  intensl tier  were  kVf/ori^  nnd  ?  kV^/en^  fnaxinun)  r<=‘rreet ivel y  for  t*''e  CTreop  anl  blop 
lanern.  At  there  levels  tbe  yreen  resonanee  transition  was  saturated,  tVip  blue  trennition  to  the 
highly  excited  states  was  not.  "be  intensity  of  the  blue  laser  bean  was  reduced  when  necessary  iisinr 
neutral  density  filters,  "be  bandwidth  of  the  /^reen  laser  bean  was  about  O.R  cn~^  .  ^or  nost  of  the 
experiments  the  bandwidth  ok  the  blue  laser  was  also  O.R  cn"^.  'P’or  experiments  reouirinc  ca.rekul 
comparison  of  absorption  profiles,  a  reflection  f’ratinf’  was  used  to  decrease  the  bandwidth  to  O.R  cm~l  . 


Pesults  and  Piscussion 


We  examine  the  effects  of  heavy  body  collisions  on  the  excited  state  populations  by  connarinp  RpFI 
spectra  acquired  at  different  values  on  II.  As  11  is  increased  the  d-state  s.iynal  is  observed  to  increase 
with  respect  to  the  s-state  sifmal.  This  result  is  attributed  to  collisional  state  mixinp  which  has  the 
effect  of  lenp;hteninp  the  excited  state-lifetime.  Tn  other  words,  increasing;  causes  the  initially 
prepared  d  (and  s)  states  to  be  collisionally  distributed  over  the  comnlete  J-state  maniOold.  increasiny 
the  A-value  increases  the  radiative  lifetime,  allowing'  a  larger  fraction  o^  initially  prepared  d-states  to 
be  observed.  The  effect  enhances  the  d-to-s-s>tatp  sifmal  ratio  because  the  d-state  lifetimes  are  si’.orter 
than  the  s-Sitate  lifetimes.  For  the  ,T=?  states  around  n=y6  with  substantial  perturber  (Sd7d)  fraction, 
this  collisional  state  mixing,  converts  such  states  to  a  distribution  of  states  with  essentially  no 
perturber  contribution. 

Althouf'h  these  data  siy^/’est  that  the  state-chanpin/^  collisions  that  cause  lifetime  len^^theninr  are 
between  the  hirbly  excited  barium  atoms  Pa  and  f^round  state,  hp^P  or  Pd^P  barium  atoms  additional 
experiments  were  undertaken  tn  investi^pate  the  possible  effects  of  Ba**-Ba**  collisions.  First,  at  fixed 
atom  density  11  we  varied  the  blue  laser  power  density  from  maximiun  to  0.1  maximum  and  finally  tn  0.0? 
maximum,  acquirinp  BPPI  spectra  at  each  laser  povrer  density,  "tie  three  spectra  were  identical. 

Since  the  excited  atom  density  was  varied  by  a  factor  of  BO  in  these  constant  u  experiments,  we  infer 
that  Pa  -Bn  collisions  do  not  produce  lifetime  len^.henin^’.  We  next  reduced  P  bv  a,  factor  of  BO  while 
keepinfi  the  laser  povier  density  of  the  blue  beam  at  maximum,  "tiis  effectively  reduces  both  II**  and  ?I  by  a 
factor  of  pO.  "he  resulting  BPPI  spectrum,  exhibited  increased  s  to  d  ratios,  indicative  a  tendency 
toward  collision-free  conditions,  "his  clearly  establishes  Ba  as  the  major  state-chanr’i ny  flifetime 
lengthen inp,)  collision  partner. 


It  was  also  observed  that  a.s  IT  was  increased,  the  absorption  profiles  broaden.  Tn  order  to  assiyn 
the  source  of  this  broadening'  we  performed  additional  experiments  usinfi  a  narrov;  bard  (0.?  cm~^ )  blue 
laser.  Otates  in  the  vicinity  0^  n=40  were  prepared  with  If**  and  F  ~lol^  cm""^.  The  linewidths 

were  measured,  and  the  blue  laser  power  was  decreased  progressively  to  0.1,  the  original  level.  wa.s 
kept  constant.  As  the  laser  power  was  decreased,  the  linewidths  decreased  from  about  O.B  cn~l  to  about 
0 . ?  cm“^ . 

Tn  a  second  set  of  experiments,  'i**  was  kept  constant,  as  measured  by  the  P^PT  si^mal,  by  increasing 
the  blue  power  while  decreasin^i  fl.  The  linewidths  remained  constant,  "hus,  the  broadening  is  independent 
of  but  does  depend  on  11  ,  These  observations  clearly  show  that  the  observed  broadening  mechanism  is 

probably  not  collisional,  but  ratiier  a  quasistatic  Rydbery-Rydbery  interaction  via  the  transition-dipole 
coupling  matrix  elements.^ 

In  addition  to  the  Ra-Ba  experiments  we  have  also  be/^ui  a  series  of  experiments  designed  to  compare 
the  reactivities  o"  Rydberg  states  and  valence  states.  Fxcited  barium  atoms  are  ideal  reactants  for  this 
purrose  because  the  hiphly  perturbed  states  may  be  considered  to  have  both  types  of  character. 

Furthermore,  a.s  was  shown  in  our  Ba-Ba  experiments,  we  can  to  some  dearee  control  the  relative 
Rydhery-to-valence  state  ratio  by  adjusting  t'  and  I! 

"hir  first  results  have  been  obtained  for  Uertninn^  ionisation  of  ’'lafTs)  by  Ba**;  tlat  is 

Pa  *  *  +  ’^a  -►  Ra  +  "'at"  4-e  f  1  1 

Because  the  ionization  potential  of  sround  state  barium  atoms  is  abou*-  O.07  e?  bisher  t'nan  that  of  "aits) 
Ba  states,  haviny  enerr;'/  hip}\er  trian  that  of  the  pure  Rydbery  6slb,i  siate  may  cause  Pennine  i eni za*- 1  on. 
At  nearly  the  sar.e  eneray  is  the  hiyhly  perturbed  Bd'Mip^  state  so  that  contrast  be+-wc,in  the  two  '■yres  of 
states  is  possible. 

The  experiments  are  performed  usiny  tt?e  same  apparatus  modiPied  so  that  a  kher^'al  beam  or  soi’ino 
atoms  intersects  the  Ba  beam  anl  the  two  laser  beams.  -Vain  we  keen  the  yreen  laser  beam  wa'/o]on,ctP  ''ixel 
at  the  Ba  resonance  line  and  scan  the  blue  laser  beam  wavelenytii  toward  the  blue.  a+  and  ’■a'"  weri’ 
d istinyiii shed  from  each  other  Viy  time  of  r-ijsii-t,.  :ir,+  ions  -were  first  observed  fscanninr  toward  blue)  when 
Ba  (bslBd)  wa'  laser- oxc i  teri .  "ja"^  was  no'  ohf^erved  at  wavelenytiis  n'her  tbr\n  those  ocj- posnond  i nr  to 

production  Pa’  .  Potable  by  its.  absence  'noweyer  wa;'  any  pa'  wi'en  t'-v.  ro'cturbe’  Pd'P-i  P’o  .i"  "a  war- 

formed.  As  tVie  wavel  en/^’t.h  war-  furtrier  scanned,  tlvat  is  toward  bi.ai-.op  'y,  :-'ates,  "'.e  Pa*  rroduot- j  on  a' 

Ba  wavelen/rt'is  dropped  of*',  fallinr  *■.0  zero  at  about  n  1"'. 
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These  preliminary  lata  sivts'.est  that  the  Penninf^  process  is  much  more  efficient  if  the  excited 
electron  is  remote  from  the  Ba+  core.  This  implies  that  the  "size"  of  the  atom,  the  extent  of  the 
electron  cloud,  is  important.  More  detailed  data  are  currently  hein^'  acquired  and  a  lpnp:thy  report  is 
contemplated . 
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Abstract .  The  atomic  ionization  process  by  a  laser  field  in  which  an  electron  absorbs  more 
photons  than  the  minimum  required  to  go  into  the  continuum  is  considered.  Within  the 
S-matrix  formalism  a  treatment  is  developed  for  the  Multiphoton  Multichannel  Ionization  of 
hydrogen  atom  by  a  strong  laser  field  of  arbitrary  polarization.  The  effect  of  the  laser 
field  on  the  final  state  electrons  is  treated  in  a  non  perturbative  way  and  the  coulomb 
interaction  is  taken  in  account  as  well.  Photoelectron  energy  spectra  are  calculated  for 
selected  values  of  intensity  and  arbitrary  polarization,  comparing  two  models  of  the 
radiation:  a  purely  coherent  field  and  a  multimode  field  of  vanishing  bandwidth.  Good 
qualitative  agreement  with  known  experimental  results  is  generally  obtained. 


1.  Introduction 


The  growing  availability  of  powerful  lasers  and  the  existence  of  increasingly 
sophisticated  spectroscopical  tecniques  has  permitted  in  recent  years  the  study  of  new 
phenomena  in  the  field  of  laser-atom  interactions.  One  of  the  processes  that  has  attracted 
in  recent  years  a  wide  interest,  both  experimental  and  theoretical,  is  the  Multichannel 
Multiphoton  Ionization  (M/MPI)  of  atoms! .  This  is  essentially  an  ionization  process  of  an 
atom  by  a  laser  field  in  which  the  electrons,  thanks  to  the  high  field  intensities 
involved,  can  absorb  from  the  laser  more  photons  than  the  minimum  required  to  go  into  the 
continuum;  in  the  scattering  theory  language,  we  can  say  that  many  ionization  channels, 
corresponding  to  the  various  numbers  of  photons  absorbed,  are  simultaneously  open. 

In  the  early  experiments  on  multiphoton  ionization,  only  the  total  ions  yield  was 
generally  measured,  and  little  or  no  attention  was  payed  to  the  electron  signals.  That 
attitude  may  be  understood  considering  that  at  that  time  the  experiments  were  performed 
with  (relatively)  low  intensity  lasers,  when  actually  only  one  single  channel  was  expected 
to  be  open.  In  a  successive  generation  of  ionization  experiments  with  more  intense  lasers 
than  before,  in  which  attention  was  payed  to  the  energy  distribution  of  the  ejected 
electrons,  new  and  completely  unexpected  patterns  were  discovered,  concerning 
photoelectron  spectra.  A  peculiar  feature  of  many  measurements  was  that  the  photoelectron 
spectra  could  not  be  accounted  for  by  any  treatment  based  on  perturbation  theory  in  its 
lowest  order.  It  was  new  with  respect  to  the  situation  concerning  instead  the 
understanding  of  the  single  channel  multiphoton  ionization.  Perhaps  the  most  peculiar  new 
information  is:  a)  photoelectron  spectra  show  well  defined  peaks,  corresponding  to  the 
various  numbers  of  photons  absorbed  by  the  electrons  to  arrive  in  the  continuum;  the  peaks 
turn  out  to  be  separated  by  approximately  the  energy  of  one  laser  field  photon;  b)  at  low 
intensities  (with  the  specific  values  depending  on  the  atom  involved) ,  the  processes  with 
a  low  number  of  absorbed  photons  are  the  most  probable;  increasing  the  intensity, 
processes  with  higher  photon  multiplicity  begin  to  appear  and,  for  high  enough 
intensities,  become  the  dominant  ones;  c)  in  some  experiments,  a  progressive  disappearance 
of  the  lowest  energy  electrons  is  found  by  increasing  the  field  intensity;  d)  in  other 
experiments,  on  the  contrary,  only  a  relative  decrease  of  the  lower  energy  peaks  with 
respect  to  the  higher  ones  was  found;  e)  the  spectra  exhibit  a  strong  dependence  on  the 
laser  polarization,  with  the  largest  effects  brought  about  by  circular  polarization. 

On  the  theoretical  side,  several  models  have  been  devised  in  the  effort  to  explain 
the  new  features  of  M/MPl2"3,  the  main  aim  being  to  work  out  new  treatments  able  to 
describe  the  highly  nonlinear  interaction  process  occurring  between  an  atom  and  a  strong 
radiation  field.  In  this  paper  we  present  a  theoretical  approach  of  the  multiphoton 


939 


multichannel  ionization  of  the  hydrogen  atom,  based  on  the  S-matrix  theory.  As  the 
properties  of  strong  radiation  fields  are  expected  to  be  very  important  for  the 
understanding  of  many  measurements,  in  the  effort  to  make  flexible  this  first  theoretical 
model  as  far  as  the  radiation  properties  are  concerned,  we  consider  a  field  of  arbitrary 
polarization,  assumed:  a)  to  be  purely  coherent,  and  b)  to  undergo  phase  and  amplitude 
fluctuations  (chaotic  field).  The  choice  of  the  hydrogen  atom  as  a  target  is  dictated  not 
only  by  its  paradigmatic  role  in  the  theoretical  atomic  physics,  but  also  by  the 
circumstance  that  recently  measurements  on  hydrogen  too  have  been  performed^,  and  the 
prospects  are  open  for  more  experiments  in  the  near  future. 

Generally  speaking,  there  are  at  least  two  points  that  deserve  particular  attention 
in  any  theoretical  description  of  the  M/MPI  process;  1)  the  choice  of  the  final  state  of 
the  bound-free  transition,  in  which  the  ejected  electron  is  simultaneously  interacting 
with  the  strong  radiation  field  and  the  coulomb  potential  of  the  residual  ion,  and  2)  the 
model  assumed  to  describe  the  electromagnetic  field.  First,  a  correct  description  of  the 
final  electron  state  requires  the  solution  of  the  Schroedinger  equation  for  the  motion  in 
the  presence  of  the  laser  field  and  of  the  coulomb  interaction,  which  is  not  known;  this 
solutions  reduces  to  the  Volkov  states  in  the  absence  of  the  static  field  and  to  coulomb 
waves  in  the  absence  of  the  laser.  Different  approximate  treatments  have  been  proposed2”3, 
each  justified  by  physical  considerations  on  the  problem  at  hand.  Having  in  mind  a  far 
nonresonant  bound-free  transition  occurring  in  a  strong  field,  we  will  approximate  the 
final  electron  state  as  a  Volkov  state  in  which  the  spatial  plane  wave  part  is  replaced  by 
the  field-free  coulomb  wave^.  This  choice  amounts  here  to  describe  the  process  as  a 
one-step  multiphoton  absorption,  with  no  account  for  intermediate  resonances,  which  are 
expected  here  to  be  irrelevant.  It  may  be  shown  that  this  wavefunction  is  just  a  first 
term  of  an  iterative  solution,  and  neglects  at  all  the  atomic  spectrum,  which  will  be  of 
particular  importance  for  low  energy  of  the  ejected  electron  and  for  resonant  or  near 
resonant  laser  wavelengths.  Second,  the  experimental  results  are  very  sensitive  to  the 
properties  of  the  laser  radiation;  pulse  duration,  number  of  modes  involved  and  their 
statistics,  spectrum  bandwidth,  spatial  inhomogeneities  and  beam  focussing  are  likely  to 
deeply  modify  the  measurements;  to  take  to  some  extent  into  account  the  properties  of  the 
lasers  actually  used  in  the  experiments  we  consider  here  as  a  laser  model  a  multimode 
field,  having  a  very  large  number  of  uncorrelated  modes  and  a  vanishing  bandwidth  (chaotic 
field);  in  this  way,  the  fluctuations  arc  included  by  sim.ply  averaging  the  coherent  field 
results  over  the  intensity  distribution;  this  simple  model  appears  to  lead  to  a  closer 
qualitative  agreement  with  the  experimental  results  and  is  probably  partially 
representative  also  of  other  field  incoherences. 


2.  The  theoretical  model 


According  to  the  usual  rules,  the  transition  rate  per  unit  time  in  the  S-matrix 
formalism  is  given  by 

w=  J'd^p/(2Tih)^{  |S^^|^/lim  ^dt)  (2.1) 

T-h.® 

where,  in  the  electric  field  gauge 

Sfi  =  (ih)-l  ^t  <  4'^  I  eE(t)  .r  >  (2.2) 

In  the  above  expressions,  p  is  the  final  kinetic  momentum,  E(t)  the  laser  electric  field 
(taken  in  dipole  approximation),  ^ .  the  initial  state  (the  ground  state)  and  4'^  the  final 
continuum  state  in  the  presence  of  both  the  radiation  field  and  the  coulomb  potential. 

We  write  the  vector  potential  of  the  field  as 

A(t)  =  A„a('.>.>t)  (2.3) 

a(a)  =  (  £exp(-ia)  +c.c.)/2  (2.4) 

£  being  the  complex  polarization  vector,  given  by 

£  =  u  cos(.i/2)  +  iusin(i/2)  (2.5) 

_  _5J  _Y 
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where  C  is  the  so-called  retardation  angle  and  uj  is  the  unitary  vector  in  the 
j-direction.  When  £,  equals  90°,  the  polarization  is  circular,  while  for^  =  0°  and  180°  the 
polarization  is  linear,  respectively  along  the  x-  and  y-axis.  For  arbitrary  values  of 
the  vector  £  describes  an  elliptically  polarized  radiation  field. 

From  the  expressions  (2.3)  and  (2.4),  the  electric  field  is  obtained  as 

E(t)  =  E„e(a)t)  (2.6) 

e(  a)  =  (i£exp(-ia)  +  c.c.  )/2  (2.7) 

As  the  initial  state  of  the  transition  we  ta)ce  the  hydrogen  ground  state 
il^(r,t)  =  (•na^)~l'^2  exp(-r/ao)  exp(iIot/M)  (2.8) 

ao  being  the  Bohr  radius  and  the  ionization  energy  (=13.6  eV) . 

According  to  the  discussion  of  the  Sec.  1,  the  final  state  is  taJcen  in  the  form  of  a 
VoDcov-Coulomb  wave 

H'^(r,t)  =  exp  {  -i/(2mK)  J^(  hk  +  eA(  t)/c  )2  d  t  +  ieA(t).r/Hc  )>i'j^(r)  (2.9) 

where  is  the  coulomb  incoming  wavefunction  with  asymptotic  momentum  £  =  tik  and  is 

given  by~ 

<i)j^(r)  =  exp(-nv/2)  ( 1+i  v)  exp  (  ik .  r  )  F  (  -  i  v,  1,  -i(kr+k.r))  (2.10) 

r(x)  and  F(a,b,x)  being  respectively  the  gamma  and  the  confluent  hypergeometric  functions 
and 

v  =  (ka  J-1  (2.11) 

We  remark  that  in  the  wavefunction  (2.9)  attention  is  paid  to  the  gauge  consistence: 
the  A(t).r  part  in  the  exponential  ensures  in  fact  the  wavefunction  be  physically 
meaningful  in  the  electric  field  gauge,  consistently  with  the  s-matrix  element  (2.2)  and 
with  the  fact  that  only  in  this  gauge  the  hamiltonian  is  the  energy  operator.  If  one  drops 
out  the  A(t).r  part  in  the  exponential,  the  final  formulas  are  greatly  simplified; 
however,  at  expenses  of  loosing  the  physical  meaning  of  the  S-matrix  as  transition  element 
between  energy  eigenstates;  besides  it  has  been  shown  to  yield  significant  underestimates 
of  the  correct  results^. 

We  can  now  proceed  to  derive  the  explicit  expressions  for  the  transition  rate;  as  in 
most  experiments  one  records  photoelectron  energy  spectra  along  a  fixed  direction 
(usually,  the  field  polarization  for  the  linear  case  or  in  some  direction  in  the 
polarization  plane  for  the  circular  one),  we  give  the  doubly  differential  rate,  i.e.  the 


transition  rate  per  solid  angle  and  energy  units;  it  is  found  as  a  sum  over  the 
energetically  allowed  multiphoton  channels^  and  is  given  by 

d^w/dijdf  =  2:  (  d2w/diid  f  )  s  (2.12) 

where 

(d2w/di-d-.  )g=C(k)  (I/Ia)  |Mn„  +  s  !(>+/".  -f^)  (2.13) 

C(k)  =  (e2/ha  J  (  24/t.^  (  2r'v)ta  J  ( 1  -  exp( -2^1  .•)  ) ’^  (2.14) 

I  is  the  laser  intensity,  Ig  -  3.51  10^^  w/cm^  is  the  atomic  unit  of  intensity;  c  =  p2/2m 
is  the  electron  kinetic  energy,  while 

fs=('^o  +  s))4‘i;-I„  (2.15) 

with  n  0  the  minimum  number  of  photons  required  to  ionize  the  atom,  given  by 
n  „  =  [I  +  1  (2.16) 
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[x]  denoting  the  integer  part  of  x;  in  eg.  (2.15)  s  is  the  number  of  photons  absorbed 
above  the  minimum  and  will  be  used  below  to  label  the  final  continuum  state  of  an  electron 
having  absorbed  n  +s  photons.  In  the  expression  (2.13),  A  plays  the  role  of  a  shift  of  the 
ionization  threshold  and  is  given  by 

A  =  e2E2/4ma)2  =  2Tie2i/mcu)2  (2.1/) 


i.e.,  is  the  average  over  a  field  period  of  the  oscillatory  energy  of  an  electron  in  a 
plane  wave  field.  As  may  be  seen  from  eg.  (2.13),  A  fixes  the  energy  of  the  ejected 
electron  at  the  value  e  =  e^-  A  and  is  able  to  completely  close  the  s-th  ionization 
channel  when  the  intensity  is  such  that  A  =  e^;  this  result  may  be  ta)cen  as  the 
explanation  of  the  sudden  pea)c  disappearance  observed  experimentally^;  as  we  shall  see  in 
the  following,  this  result,  within  the  present  theoretical  treatment,  is  peculiar  of  the 
assumed  coherence  of  the  field. 

The  values  of  roughly  give  the  position  of  the  pea)cs  in  the  photoelectron  energy 
spectra,  though  if  it  must  be  remar)ced  that  the  actual  position  will  be  strongly  dependent 
on  the  properties  of  the  laser  radiation,  mainly  of  the  pulse  duration  and  of  the  space 
inhomogeneities.  We  shall  not  consider  such  problems  here,  and  label  the  final  state  only 
with  reference  to  the  number  of  photons  absorbed  by  the  electron  to  arrive  into  the 
various  channels. 

The  basic  ingredient  of  eg. (2.13)  is  the  guantity  Mj^,  that  we  have  calculated  by 
performing  the  closed  form  integration  of  the  dipole  matrix  element  of  the  bound-free 
transition  and  using  the  properties  of  the  Bessel  functions  involved^;  it  is  found  as 

Mn  =  -  4®'-'  -G’  da  (2.18) 

fn(a)  =  exp[i(na  -  pcos5"sin2a  'X..a(a))]  (2.19) 

2 

p  =  A/2hw  ,  ^  =  eE^k/mw  ,  =  eE^e(a)  /Hoi  (2.20) 

and 

B(k,  kg,  a)  =  (T/S)i^ va-iv)T-3a,a(a) .  {  kc  [ (T/S) ( 2-ika J  +  (2.21) 

+  (T/S)2(l+iv)(l-ikaJ/(l-iv)  -  (v+2i)/v  ]  +  k  [ (T/S) ( l-ika„ )  -  (v+2i)/v  ] 

T  =  1  +  a2(k  +  kG)2  ,  S  =  a^kg  +  (l-ika,)2  (2.22) 

For  circular  polarization  (  5=  90°),  the  term  containing  p  in  the  exponential  (2.19) 
disappears  as  well  as  the  term  proportional  to  kg  inside  the  parenthesis  in  (2.21). 

Up  to  this  point,  all  the  results  have  been  derived  for  a  purely  coherent  field;  as 
remarked  above,  any  actual  experiment  is  always  performed  by  means  of  radiation  fields 
having  some  source  of  noise.  For  the  case  of  a  fluctuating  field  of  vanishing  bandwidth, 
the  average  may  be  accomplished  taking  into  account  the  fact  that  the  correlation  time  of 
the  fluctuations  is  very  large,  so  that  each  elementary  atomic  act  occurs  at  a  fixed, 
stochastically  determined  value;  thus,  the  average  becomes  just  a  weighted  mean  of  the 
result  found  in  the  presence  of  a  coherent  field;  the  distribution  of  the  electric  field, 
in  the  case  of  a  chaotic  statistics,  is  gaussian,  which,  in  terms  of  the  threshold  shift, 
is  given  by 

P(A)  =  <A>"3  exp(-A/<A>)  (2.23) 


The  doubly  differential  ionization  rate  to  the  (s+l)-th  continuum  state  in  the  case 
of  a  chaotic  field  is  then 


< ( d2w/dfidf  ) s> 


where 


y  (d^w/dAdf.)  P(A)  dA  = 
o  s 

C(k) ( t  ->  )  P( E  -E ) |M  (k,  k  ) 
s  s  r>„+s  -  -G 


2 


(2.24) 
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A  =  2-06^1  /mcu)^  ,  ^  =  eE„e(a)/M(jJ  ,  =  4m(i)^  ( £  -E)/e^  (2.25) 

3  3  ”“G  S 

The  mean  differential  transition  rate  is  then  obtained  integrating  eg. (2.24)  over  the 
energies  allowed  by  (2.24),  i.e. 

<(dw/dn)  >  =  J-^s  <(cl^w/dnde)  >  de  (2.26) 

so  s 

The  eq.s  (2.13)  and  (2.26)  express  the  rates  respectively  for  the  coherfnt  and  the 
chaotic  field  case;  as  reported  in  the  next  Section,  they  have  been  numerically  computed 
for  elliptically  polarized  light,  and  we  will  show  that  they  correctly  predict,  from  a 
qualitative  point  of  view,  several  of  the  features  exhibited  by  the  measurements. 


3.  Calculations  and  comments 


The  quantities  that  are  more  commonly  measured  in  experiments  on  M/MPI  are: 

a)  The  angular  distributions  of  photoelectrons  of  different  multiphoton  channels  at  a 
fixed  laser  intensity.  They  are  measured  detecting  electrons  at  various  values  of  the 
angle  between  the  electron  momentum  and  the  polarization  vector  when  this  is  linear,  and 
detecting  electrons  at  various  angles  in  the  polarization  plane  for  arbitrary 
polarization® ;  obviously  the  angular  distributions  are  uniform  in  the  polarization  plane 
in  the  circular  case,-  as  any  the  angular  distribution,  they  are  a  very  important  test  of 
the  theoretical  models. 

b)  The  total  populations  (integrated  over  ejection  angles)  of  different  channels  versus 
the  laser  intensity;  they  are  a  good  test  of  the  validity  of  perturbation  theory 
treatments  because  at  low  intensity  the  slope  of  the  curves  in  a  log-log  scale  must  be 
proportional  to  the  total  number  of  photons  absorbed. 

c)  Photoelectron  energy  spectra  along  a  fixed  direction  at  different  laser  polarizations 
and  intensities;  they  show  the  most  peculiar  feature  of  the  process:  the  pea]t  inversion 
with  increasing  intensity  and  the  strong  dependence  on  the  polarization. 

Here  we  restrict  ourselves  to  reporting  results  referring  to  c)  only;  results  for 
other  items,  obtained  by  us  within  the  same  theoretical  model  may  be  found 
elsewhere® » 9-10 , 

In  Fig.  1  we  show  photoelectron  spectra  along  the  x  axis  direction  at  various 
polarizations  (defined  by  the  retardation  angle  E  )  and  for  two  models  of  the  laser 
radiation:  purely  coherent  on  the  left  and  chaotic  on  the  right  side;  these  results 
reproduce  qualitatively  well  the  experimental  findings  on  the  role  of  the  polarization, 
showing  that  the  maximum  pea)c  suppression  occurs  in  the  case  of  circular  polarization;  the 
normalization  of  these  curves  is  as  follows:  for  the  coherent  case  the  first  non  vanishing 
rate  is  ta)cen  to  be  1  (in  this  laser  model  suppression  is  absolute  being  linJted  with  the 
energy  conservation  conditions);  at  the  concerned  laser  intensity  this  term  is  the  sixth; 
for  the  chaotic  case  we  ta){e  as  1  the  rate  with  s  equal  to  zero. 

In  Fig.  2  we  show  photoelectron  spectra  along  the  x  axis  direction  for  two 
representative  laser  intensities  in  linear  and  circular  polarization  for  the  case  of  a 
chaotic  field;  this  figure  shows  the  role  of  intensity  in  increasing  the  peaJt  suppression 
and  shifting  the  maximum  of  spectrum  towards  channels  with  larger  numbers  of  above 
threshold  photons;  it  also  shows  the  role  of  polarization  at  fixed  laser  intensity. 
Normalization  of  curves  is  according  to  figure  1. 

In  conclusion,  we  have  considered  the  Multiphoton  Multichannel  Ionization  of  hydrogen 
atom  by  a  laser  field  of  arbitrary  polarization.  Within  the  S-matrix  theory  we  have 
developed  an  essentially  non-perturbative  treatment  of  the  process  considering  it  as  a 
one-step  multiphoton  transition  without  intermediate  resonances.  Performing  calculations 
for  selected  values  of  intensity  and  polarization  and  improving  the  description  of  the 
radiation  with  the  consideration  of  a  multimode  field  of  vanishing  bandwidth,  we  have 
shown  that  our  treatment  is  able  to  predict  some  of  the  most  peculiar  features  of 
experimental  results. 
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Fig.l  -  Photoelectron 
energy  spectra  for  the 
ionization  of  the  ground 
state  of  the  hydrogen 
atom;  the  number  of 
above  threshold  photons 
runs  on  the  horizontal 
axis  from  0  to  30;  the 
laser  wavelength  is 
1064  nm;  C  is  the 
retardation  angle  and 
identifies  the  ellipti- 
city  of  the  radiatioii 
( see  eq. ( 2 . 5 ) ) . 

The  left  side  refers 
to  a  coherent  field  of 
intensity  5  lO'^W/cm^. 
The  right  side  refers 
to  a  chaotic  field  of 
average  intensity  5  10'^ 
W/cm^ . 

Spectra  are  calculated 
along  the  x  axis. 
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r’ig.  2  -  As  for  Fig.  1.  The  field  is  chaotic  and  average  intensities  and 
polarizations  are:  a)  7.5  10^‘  W/cm^ /  linear;  b)  7.5  10^‘  W/cmS  circular; 
c)  5  10^^  W/cm^,  linear;  d)  5  10*^  W/cm^,  circular. 
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ABSTRACT  ¥e  have  studied  the  energy-pooling  collisions  in  laser  excited  Na-K  and  Na-Rb 
vapor  mixtures.  The  Na-K  experiment  has  given  quantitative  results  for  the  cross 
sections  and  also  results  on  the  influence  of  a  foreign  buffer  gas.  The  Na-Rb  experiment 
shovs  interesting  molecule  formation  and  vork  is  in  progress  to  determine  cross  section 
values. 


Introduction 

In  the  last  fev  years  the  resonant  excitation  of  an  alkali  vapor  has  been  widely  studied. 
Depending  i^on  the  conditions  of  the  vapor  (pressure,  temperature,  cell  size,  etc.)  and 
upon  the  characteristics  of  the  laser  (ptQsed  or  c.v.,  single  mode  or  broadband,  weak  or 
strong  power  density)  different  processes  occur;  exaaq)les  of  such  events  zu^e  multiphoton 
ionization.  Penning  ionization,  stqperelastic  collisions  and  other  kinds  of  ion  and  molecule 

formation,  fhen  the  laser  is  operating  at  low  power  density  (  *»  i-iO  ¥/cm^  )  and  the  atomic 
density  is  relatively  low  (<*10  /cm  ^  ),  the  most  important  processes  are  the 
energy  pooling  collisions  and  the  associative  ionization.  In  the  first  process  two  excited 
alkali  atoms  in  a  np  state  collide  and  the  energy  is  transferred  from  one  atom  to  the  other 
leading  the  first  atom  to  the  ground  state  ns  and  the  second  one  to  a  more  excited  state; 
this  process  is  effecti^’e  for  levels  which  differ  for  a  few  kT  from  the  sun  energy  2xE(rp). 
In  the  associative  ionization  process  the  collision  of  two  excited  atoms  leads  to  the 
formation  of  a  molecular  ion.  The  overall  reaction  scheme  may  be  written  as 


— >  A(nS)  +  B(m'L)  ±  Ae 

A(nP)  +  B(mP)  - >  B(mS)  +  A(n’L)  ±  AE‘  (!) 

- >  AB+  +  e"  ±  AE’ 


Since  the  first  observation  of  the  energy  pooling  effect  [i],  horoonuclear  collisions 
(with  A=B)  have  been  mainly  studied.  Only  recently  [2]  the  interest  has  been  extended  to 
heteronuclear  collisions  (with  A*B) .  In  this  paper  we  will  deal  about  energy  pooling 
collisions  in  Na+K  and  Na+Rb  mixtures  The  levels  of  interest  are  shown  in  figure  i,  in 
respect  to  the  energy  defect.  The  two  alkali  species  are  excited  with  two  dye  lasers.  The 
interest  about  this  kind  of  collisions  comes  from  the  information  they  give  about  the 
interatomic  potentials  at  medium  and  large  ranges;  the  experimental  cross  sections  of  such  a 
process  have  been  coa^>ared  with  theoretical  calculations  [3]  and  an  agreement  between  them 
can  be  considered  as  a  good  test  for  the  qiiantura  calculations  of  the  interatomic  potentials. 
In  the  case  of  heteronuclear  collisions  the  information  about  the  interatomic  potentials  are 
even  more  interesting  because  these  curves  are  less  known.  Besides  that  a  large  number  of 
quasi  resonant  levels  are  involved  into  the  heteronuclear  collisions;  a  sunmary  of  that 
levels  in  the  various  alkali  species  has  been  given  [2].  Moreover  this  kind  of  collisions 
allows  the  production  of  an  appreciable  population  on  levels  which  have  forbidden 
transitions  with  the  grotnd  state.  The  influence  of  a  buffer  gas  in  the  collision  may  be 
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investigated  [4];  as  its  presence  entances  three  body  collisions  it  modifies  the  stationary 
populations  of  the  levels.  Vith  the  experimental  technique  used  in  our  experiment,  ve  are 
able  to  separate  the  contribution  of  the  heteronuclear  collisions  from  that  of  the 
homonuclear  ones  and,  in  presence  of  a  buffer  gas,  it  is  also  possible  to  discriminate  the 
contribution  of  the  three  body  collisions  involving  one  buffer  gas  atom. 

In  the  following  sections  the  rate  equations  for  the  heteronuclear  energy  pooling 
collisions  eire  applied  to  our  experiment  on  a  mixture  of  Ka  and  K  atoms  Preliminary 
results  on  a  running  experiment  in  a  mixture  of  Na  and  Rb  are  also  reported. 


Rate  Equations 

The  rate  equations  in  the  stationary  case  describing  process  (1)  may  be  written  as 


Ni  2  Aij=KiNi^)NlJ) 


(2) 


the  indexes  i  and  j  are  coiq)les  of  quantum  numbers  describing  the  levels,  Ajj  is  the 
spontaneous  emission  coefficient  in  the  transition  i-j,  Ki=<  (Jj  v>  with  Oj  the  cross 

section  of  the  process  and  v  the  mean  interatomic  velocity  and  laser 

excited  atomic  densities.  As  the  intensity  of  a  line  coming  from  a  transition  i-]  can  be 
expressed  as 


hbijj  Nj  Aij 


(3) 


where  Y  is  the  fluorescence  volume,  Otij  is  a  factor  taking  into  account  the  efficiency  of 
the  apparatus  and  COjj  is  the  frequency  of  the  transition  i-j,  it  follows  that 


‘ij 


„  4Jl 


s 

3  * 


Y  a 


ij 


‘li 


*'np 


(4) 


¥e  want  to  stress  out  the  fact  that  the  above  equations  are  valid  if  the  detected  signal 
is  due  only  to  the  heteronuclear  energy  pooling  collisions,  and  therefore  it  is  of 
particular  importance  to  discriminate  and  to  eliminate  any  fluorescence  coming  from 
secondziry  processes.  This  can  be  done  by  adopting  a  special  procedure  described  in  the 
following  section.  In  general  it  is  very  difficult  to  have  the  eibsolute  values  of  the 
excited  Nnp(^)  and  Ntap(^),  however  we  can  measure  the  intensities  of  the  fluorescence  lines 

related  to  the  atomic  densities  via  eq.(3)  where  Ajj  must  be  substituted  by  (tnp)“l,the 
effective  lifetime  of  the  np-level,  in  fact  in  presence  of  high  densities  of  excited  atoms, 
the  radiation  trapping  modifies  the  spontaneous  decay  rate  of  the  level,  which  must  be 
measured  from  the  experiment. 


Experimental  apparatus  and  procedure 

The  general  sketch  of  the  experimental  apparatus  is  shown  in  fig  2. 

The  vapor  is  contained  in  a  cell  heated  at  the  temperature  necessary  to  have  typically  ein 

atomic  density  of  10  -10^^  /cm3. 
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Fig.  1  Scheme  of  the  energy  levels  involved  in  energy  pooling  collisions  in  Na-K  and 
Ka-Rb  mixtures.  The  levels  are  plotted  in  respect  to  their  energy  defect  from 
the  center  of  the  sum  energy  A(npi)  +  B(mpj)  vith  i,]  =  1/2, 3/2 


Fig.  2 

Sketch  of  the  experimental 
apparatus; only  one  of  the  tvo 

beams  rocxlulated  at  frequency  ^^2 
vas  used  at  the  time  together 
vith  the  ^2]^  modulated  beam. 
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More  <»re  must  be  t2iken  in  the  experiments  dealing  vith  mixtures  in  order  to  have  comparable 
densities  of  the  tvo  species:  assuming  the  Raoult  law  to  be  valid,  it  follows  that  the  ratio 
between  the  vapor  pressures  in  a  mixture  of  two  species  A  and  B  is  proportional  to  the 
respective  molar  fractions  of  the  two  species.  Following  Nesraeyanov  data  [5]  on  vapor 
pressures  of  alkali  atoms,  the  ratio  Pa/Pb  *  1  corresponds  to  an  amalgam  prepared  with  5%  K 
and  95%  Na  in  the  case  of  Na  plus  K  experiment  and  2%  Rb  and  98%  Na  in  the  case  of  Na  plus 
Rb  experiment. 

To  better  control  the  fluorescence  volume  euid  to  reduce  the  radiation  trapping  effect, the 
standard  cylindrical  cells  have  been  substituted  by  capillary  ones  (  <»  Zmm)  prepared 
following  a  special  procedure  described  elsewhere  [6] 

The  two  atomic  species  are  excited  by  two  c.w.  dye  lasers  tuned  to  the  D2  resonance  lines 

of  the  alkalis.¥e  used  a  single  mode  Rodhamine  66  dye  laser  pumped  by  an  Ar+  laser  for 
sodium  (A,  =589nm)  and  a  multimode  Oxazine  750  Perchlorate  pumped  by  a  Kr+  ion  laser  for 

potassium  (  A,=766nm)  and  rubidium  (A,  =780nm). 

The  output  powers  are  of  the  order  of  100m¥;the  beams  are  focussed  to  have  laser 
intensities  of  the  order  of  1-10  ¥/cm2. 

The  beams  are  siq>erimposed  at  the  entrance  of  the  cell; the  fluorescence  coming  from  the 
cell  is  collected  at  riglit  angles  and  focussed  on  an  optical  fiber  connected  to  the 
detection  system.  A  Im  focal  length  Jobin-¥von  HR  1000  monochromator  and  a  Hamamatsu  R955 
photomultiplier  have  been  used  for  the  visible  region  (300-850  ran).  A  1/3  m  focal  length 
Jarrel-Ash  monochromator  and  a  PbS  detector  have  been  used  to  explore  the  infrared  region 
(1-2. 5pm) . 

As  we  said  in  the  previous  section,  we  must  eliminate  the  contribution  to  the 
fluorescence  coming  from  different  processes,  and  mainly  from  the  homonuclear  energy  pooling 
collisions  always  present  in  the  experiment. 

At  this  aim, we  adopted  an  intermodulation  technique  consisting  in  the  modulation  of  the 
two  beams  at  different  frequencies  euid  ^^2  the  same  time  the  output  of  the 

photomultiplier  is  sent  to  a  lock-in  amplifier  driven  at  the  sum  freqxjency  +  ^2 
this  way  we  are  able  to  detect  signals  coming  only  from  the  interaction  of  the  species 
modulated  at  the  frequency  with  the  other  modulated  at  the  frequency  i2z  This  method 
has  shown  to  be  very  sensitive  as  the  fluorescence  si«^l  disappears  when  any  one  of  the  two 
laser  is  off  even  if  a  strong  fluorescence  is  still  visible  in  the  cell 

The  measure  of  the  rate  coefficients  Ki  for  heteronuclear  collisions  has  been  made  as 
related  to  the  known  rate  coefficient  K5g  for  the  homonuclear  reaction 

lte(3p)  +  Ka(3p)  — >  Na(5s)  +  Na(3s)  (5) 


I5S-I  I  AjH 
_ i  j 

2 

ass-i  h^ss-i  Ajj  Ngp 


(fe) 


where  1  is  a  level  populated  through  the  decay  from  the  5s  level.  In  particular  we  found  to 
be  convenient  to  use  the  5s-3p  transition  of  sodiun  at  616nn. 

For  this  reason,  and  to  calibrate  the  apparatus,  we  need  to  measure  the  intensity  of  a 
transition  from  the  5s  level  of  sodium  with  the  same  method  To  this  purpose  we  split  the 

yellow  beam  into  two  coa^nents  modulated  at  the  frequencies  eind  ^2  detected 

the  signal  from  the  desired  level.  Subsequently  we  replaced  the  S22  yellow  beam  with  the  red 

one  resonant  with  the  second  alkali  species,  and  we  detected  the  fluorescence  from  the 
levels  populated  by  the  heteronuclear  mllisions. 
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To  measure  the  lifetime  of  the  excited  levels  ve  sent  two  pulsed  dye  lasers  resonant  vith 
the  fixed  transitions  and  ve  analyzed  the  exponential  decay  of  the  fluorescence  on  the 
screen  of  a  fast  storage  oscilloscope 

Kj  are  related  to  of  sodium  by  the  volume  independent  expression 


KSS 


«5S-3P  ^5S-3P 


I 

j  *  1 


^i 


^  ^5S-3P 


N 


3P 


a 


i] 


1  A 


1  *  5S 


5S-1 


6) 


-5S-3P  NA^'N' 
”np  ”mp 


(7) 


According  to  the  experimental  procedure  described  previously  and  Nnp^^^%p^®^  may  be 

better  vritten  as 


NsP  =  |N3plflj  |N3F!fl2 


(8) 


There  the  subscripts  and  ^2  ii^icate  that  the  populations  are  modulated  at  these 
frequencies.  In  this  way  ve  can  simplify  the  equation  if  ve  choose  one  of  the  atomic 
species,  say  A  to  be  sodium  modulated  at  the  Qj  frequency  Eventually  the  equation  results 


Ct5S-3P  ^mp-ms 
^3P-3S 


^5S-3P 


2  Ags  1 

1  »  5S 


2  Aij 

j  *  i 


“^mp 


^5&-3P  ^mp-ms 
^i]  ^3P-3S 


I3P-3S 


•mp-ms 


(^) 


There  all  the  quantities  are  knovn  or  experimentally  determinated. 


Results 


il  Ha  -  K 

fe  performed  a  first  experiment  on  a  mixture  of  sodium  and  potassium  to  study  the  exit 
channels  of  the  reaction 


Na(3P)+  K  (4P) - >  Ha(nl)  +  K(4S)  dk  Ae 

- >  K(m])  +  Na(3S)  ±  Ae 


(10) 


The  observed  transitions  are  listed  in  table  1  along  vith  the  energy  of  the  levels  and  the 
cross  sections  [7],  The  measurements  vere  performed  at  T=Z40  "c  vith  laser  intensity  of 
about  80m¥  on  the  red  laser  and  50m¥  on  the  yellov  laser.  The  effective  lifetimes  of  the  3p 

level  of  sodium  zind  of  the  4p  level  of  potassium  resulted  to  be  tgp  =176  ±  20ns  and  = 

287  ±  30ns  respectively.  The  obtained  cross  sections  do  not  exhibit  remarkable  differences 
Tith  those  ottained  for  the  homonuclear  reactions 
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An  experiment  was  also  performed  in  a  cell  containing  sodium,  potassium  and  10  Torr  of  Ne 
as  buffer  gas  New  features  appeared  in  the  spectra  under  intermodulated  technique,  showing 
seme  additional  lines  of  sodium  coming  from  more  excited  levels  and  in  opposition  of  phase 
This  results  from  the  population  modification  induced  by  the  buffer  gas  through  a  three  body 
collision  of  the  type 

Na(3P)  +  K(4S)  +  M  — >  Na(3S)  +  K(4P)  +  M  ±  Ae  (11) 

where  M  indicates  a  buffer  gas  atom  A  pure  two  body  collision  alkali  atom/buffer  gas  atom 
can  not  change  the  frequency  modulation  and  therefore  does  not  affect  the  intermodulation 
spectrun.  The  effect  of  process  (13)  on  the  contrary  is  to  couple  atoms  modulated  at  two 
different  frequencies  States  populated  from  energy  transfer  collisions  involving  these 
atoms  are  then  present  in  the  intermodulated  spectrum  The  sigrjal  of  the  fluorescence  lines 
also  indicates  if  the  collision  is  responsible  for  a  population  or  depopulation  process,  as 
it  is  clear  from  the  spectrum  reported  in  figure  3 

Our  model  explains  the  differences  observed  in  the  spectra  obtained  without  and  with 
buffer  gas.  Moreover,  by  the  cooparison  of  relative  fluorescence  intensities  in  the  two 
cases  we  have  evaluate  [4]  the  first  lower  limit  for  the  three  body  rate  coefficient  of 

process  (13)  to  be  «  10“^^  cm^s“^ 
lil  Ha  -  Rb 

The  same  method  is  applied  to  study  an  amalgam  of  sodiim  and  rubidium 

As  one  can  see  from  the  scheme  of  Na  and  Rb  (fig  1), this  combination  of  alkali  atoms 
gives  a  larger  set  of  quasi  resonant  energy-pooling  levels;  besides  that, the  larger  fine 
structure  of  the  excited  level  of  rubidiun  can  carry  new  interesting  informations  about  this 
kind  of  collisions  following  a  Dj  or  a  D2  excitation.  In  our  preliminary  experiment,  we  used 
one  laser  line  at  a  time,  exciting  first  the  D2  line  of  sodium  (laser  1)  and  then  the  D2 

line  of  rubidiun  (laser  2);  phase  sensitive  detection  was  used  both  in  the  infrared  and  in 
the  visible  part  of  the  spectrum  as  in  the  Na-K  experiment.  Four  different  spectra  for  a 
cell  temperature  of  200  "C  are  shown  in  fig. 4-5;  a  low  pass  filter  at  850nm  was  used  when  we 
recorded  the  infrared  spectra.  Fluorescence  occurs  from  many  other  levels  different  from  the 
first  excited  one;  with  laser  2  on,  a  first  interesting  result  is  that  fluorescence  comes 
not  only  from  the  more  resonant  homonuclear  energy-pooling  5D  of  rubidium,  as  in  a  previous 
experiment  with  a  rubidium  beam  [8],  but  also  from  7S,6D  and  8S  levels.  In  the  spectra  it  is 
also  clear  a  large  molecular  fluorescence  coming  from  known  states  of  NaRb  (B-X  band  in  the 
visible)  and  Rb2  (A-X  band  in  the  infrared),  the  energy-pooling  processes  can  be  effective 

in  populating  such  molecular  states.  Using  laser  1  to  excite  sodiun,  a  large  population  also 
builds  in  the  5P  levels  of  rubidium;  that  allows  us  to  see  fluorescence  from  the  8p  level  of 
rubidium  populated  by  the  heteronuclear  process 

Na(3P)  +  Rb(5P)  — >  Na(3S)  +  Rb(8P)  ±  Ae  (12) 


with  Ae  =  -  50cm  ^  .  In  fig  6  the  8P-5S  fluorescence  line  of  rubidium  at  335nm  is  shown 
next  to  the  4P-3S  line  of  sodium  at  331nra  An  experiment  with  the  intermodulation  technique 
as  in  the  the  Na-K  amalgam  is  in  progress  to  determine  the  cross  section  of  the  8P  level  and 
also  of  other  less  resonant  levels. 


Conclusions 

¥e  report  experiments  on  heteronuclear  energy  pooling  in  two  different  mixtures  of  alkali 
atoms  In  the  Na-K  we  have  determined  cross  sections  for  several  levels  populated  by  this 
kind  of  collision  between  excited  atoms  and  the  influence  of  a  buffer  gas  and  consequently 
of  three  body  collisions  were  studied.  ¥e  also  report  preliminary  results  on  a  experiment  in 
a  Na-Rb  mixture  which  is  in  progress. 
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Fig.  3  Fluorescence  spectrun  of  the  Na-K  mixture  in  presence  of  a  buffer  gas; 
the  lines  in  opposition  of  phase  cooae  from  a  depopulating  mechanisms. 


wo  700  800  A(nm) 


Fig.  4  Infrared  spectra  of  the  Ka-Rb  mixture  5  Visible  spectra  of  the  Na-Rb  mixture 
vith  D2  excitation  of  sodium  (4a)  and  ^2  excitation  of  sodium  (5a)  and 

©2  excitation  of  Rb  (4b).  ®2  excitation  of  Rb  (5b) 
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Fig  6  Fluorescence  line  8p-5s  o£  rubidiun 
at  335nin  next  to  fluorescence  line 
4p-3s  of  sodium  at  330nn 


TABLE  1.  Heteronuclear  energy  pooling  levels  and  cross  sections  in  the  Na-K  mixture 


Atom 

Level 

Energy  level 
(cm"^) 

Detected  transition 

A,(nD) 

<Jxl0^^ 

(cm^) 

Ka 

3D 

29172 

3I>-3Pi  /2  3/2 

818-820 

1.4  i  0  7 

4P 

30266-30272 

^^1/2, 3/2"^^ 

330 

K 

6P 

28999-29007 

^*’1/2, 3/2"^^ 

345 

5D 

30185 

^^3/2.5/2"^l/2,3/2 

581-583 

1.9  ±  1.0 

7S 

30274 

'^^^^1/2, 3/2 

578-580 

0.9  ±  0.5 
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Abstract 

We  report  the  observation  of  the  two-photon  parity  forbidden  transitions  4^S-^n^P  of 
atomic  potassium  in  resonantly  enhanced  multiphoton  ionization  (RMPl)  spectra  of  a 
potassium  vapor-argon  gas  mixture.  The  RMPI  spectra  were  investigated  over  the 
temperature  range  of  150  to  240 °C  and  the  absorption  to  the  ^P  Rydberg  levels  was  observed 
only  for  temperatures  above  190°C  where  the  atom  densities  are  greater  than  8  x  lO^^cm'^. 
The  characteristics  of  the  forbidden  spectra  demonstrate  that  long  range  interactions 
between  potassium  atoms  must  be  involved. 

Introduction 


Laser-assisted  or  laser-induced  collision  processes  have  been  the  subject  of  a  number  of 
investigations  in  atomic  and  molecular  physics  in  recent  years^ .  In  these  processes, 
photon  absorption  occurs  during  a  binary  heavy-body  collision.  The  final  states  of 
heavy-body  collision  products  are  usually  inaccessible  by  the  direct  absorption  laser 
photons  or  by  the  heavy-body  collision  alone.  It  is  the  simultaneous  interaction  of  the 
two  collision  reactants  and  the  photon  or  photons  that  allows  the  final  product  states  to 
be  accessed. 

Laser-assisted  collisional  absorptions  involving  Rydberg  states  have  permitted 
forbidden  atomic  absorption  to  occur  in  atomic  sodium^ .  Here  we  report  the  observation  of 
two-photon  parity  forbidden  transitions  to  Rydberg  states  of  atomic  potassium,  K**, 
arising  from  the  ground  4s  2  $  state  of  potassium  in  a  potassium  vapor-argon  gas  mixture^ , 
We  attribute  the  two-photor  forbidden  transitions  to  Rydberg  nP  states  to  the  absorption 
of  two  photons  during  a  self-l -mixing  collision.  These  transitions  were  observed  in 
resonantly-enhanced  multiphoton  ionization  (RMPI)  experiments'*"*. 

Experimental 

A  schematic  of  the  simple  experimental  apparatus  is  illustrated  in  Fig.  1.  A 
cylindrical  Pyrex  cell  of  25  mm  diameter  and  60  mm  length  contains  a  few  Torr  of  argon  and 
potassium  at  its  saturated  vapor  pressure.  The  cells  are  constructed  with  two  parallel 
1  mm  diameter  tungsten  wire  electrodes  separated  by  10  mm.  Several  cells,  all  with  the 
same  construction  geometry  but  with  argon  pressures  varying  from  1  to  10  Torr  at  room 
temperature  were  used.  Potassium  metal  containing  approximately  0.05%  residual  sodium 
impurity  was  distilled  into  the  side  finger  of  the  cell.  This  reservoir  of  potassium  is 
held  at  slightly  lower  temperatures  than  the  body  of  the  cell  to  prevent  condensation  on 
the  cell  windows.  The  cell  is  operated  inside  an  oven  at  fixed  temperatures  ranging  from 
ISO’C  to  230”C  corresponding  to  atomic  densities  of  ~10*3  to  4  x  10^“*  cm"3 . 

A  Molectron  DL300  tunable  dye  laser  pumped  by  a  nitrogen  laser  produced  light  with  a 
pulse  duration  of  5  ns,  linewidth  ~1.5  cm"^,  and  at  a  repetition  rate  of  10  Hz.  The  light 
is  focussed  between  the  two  electrodes  along  the  axis  to  a  minimum  spot  radius  of  ~40  jjm. 
The  dye  laser  covered  wavelengths  ranging  from  5000  to  7300A  and  pulse  energies  ranged 
between  40  and  250  ^iJ.  The  corresponding  power  densities  used  in  the  experiments  varied 
from  160  MWem"^  to  1  GWem"^  at  the  minimum  beam  waist.  The  laser  intensity  is  attenuated, 
when  needed,  with  calibrated  neutral  density  filters  and  the  light  is  made  100%  linearly 
polarized  with  an  external  Gian  prism.  When  circular  polarization  is  required,  the 
linearly  polarized  light  is  passed  through  a  Soleil-Babinet  compensator  which  has  been 
adjusted  to  perform  as  a  quarter-wave  plate. 

Resonant  absorption  was  detected  through  the  collection  of  the  free  ei.tctrons  and  ions 
created  by  the  laser-induced  photoionization.  The  negative  voltage  applied  to  the  cathode 
varied  from  2  to  150  volts;  thus  the  performance  of  the  ionization  detection  varied  from 
ion  chamber  collection  to  amplification  through  gas  multiplication.  After  collection  by 
the  anode  the  current  was  passed  through  a  preamplifier,  monitored  on  an  oscilloscope, 
processed  by  a  PAR  model  160  boxc  ir  integrator,  and  displayed  on  a  chart  recorder.  A 
typical  spectrum  in  shown  in  Figure  2. 
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The  two-photon  RMPI  signals  are  due  to  the  process 

K(4s  2s)  +  2nu  —>•  K**  + -ITu)  —►!<■*■  +  e~  (1) 


— >■  K**  +  collision  — <•  K"*"  +  e  . 

Under  all  experimental  conditions  studied  the  allowed  series  where  K**  is  (n+2)2s  or  n2u 
for  4<;n<32  are  well  d®'  eloped.  At  temperatures  above  190°C  corresponding  to  K  vapour 
densities  above  (8)  1C  -‘cm~^  the  series,  forbidden  by  the  Laporte  rule,  where  K**  is  n2p  for 
n  13<n<:20,  is  developed. 

The  ratio  of  the  intensity  of  the  "forbidden"  2p  signals  to  that  of  the  allowed 
signals  varies  quadratical ly  with  potassium  density.  It  is  independent  of  the  argon 
density.  For  K  densities  of  4xlO'^‘*cm“3  the  192p  line  intensity  is  observed  to  be  about  15% 
of  the  neighboring  2d  lines. 

The  observed  line  widths  of  both  the  2p  and  2d  signals  are  the  same  -  about  4  cm” ^ .  The 
intrinsic  widths  are  not  measured  as  they  are  less  than  or  of  the  order  of  twice  the  laser 
line  width. 

The  power  dependence  of  the  "forbidden"  signals  is  not  accurately  determined  since  the 
dynamic  range  available  is  small  due  to  their  relative  weakness.  However  the  "forbidden" 
signals  appear  to  have  the  same  dependence  on  laser  power  as  the  allowed  transitions. 

At  sufficiently  high  densities  the  two  photon  transition  leading  to  2d,  2s  and  the 
"forbidden"  2p  states  are  all  seen  if  the  laser  light  is  linear  polarized.  With  circularly 
polarized  light,  excitation  to  the  2s  levels  is  not  observed  and  excitation  to  both  the  2d 
at  the  2p  l<3vels  is  somewhat  enhanced. 

Conclusions 

In  order  to  fix  some  orders  of  magnitude  we  calculate  various  quantities  for  a  potassium 
density  of  (4)10‘‘*cm”3  where  the  ratio  of  the  "forbidden"  182p  line  intensity  to  that  of 
the  182 D  line  is  0.17.  The  semi-classical  radius  of  the  wavefunction  for  the  182p  state  is 
342A .  The  average  distance  between  potassium  atoms  is  840A •  The  probability  of  finding 
two  potassium  atoms  within  342A  or  less  of  each  other  is  0.067,  and  within  466A  or  less  is 
0.17.  Clearly  the  interaction  responsible  for  the  appearance  of  the  2p  line  must  be  long 
range . 

The  most  obvious  possible  long  range  interaction  is  that  due  to  electric  fields,  a  Stark 
effect.  Stark  effects  due  the  applied  fields  are  not  responsible.  The  forbidden  lines  are 
not  seen  at  potassium  densities  below  (8)101 even  for  fields  approaching  100  volt/cm. 
Moreover  at  higher  density  the  lines  persist  for  fields  below  2  volts/cm. 

Possitl®  Stark  mixing  by  mircofields  produced  by  a  laser  induced  plasma  was  also 
investigated.  We  calculate  that  the  required  ion  density  to  produce  the  observed  forbidden 
lines  would  require  more  than  10%  ionization  in  the  focal  volume,  even  when  off  resonance. 
We  find  this  difficult  to  reconcile  with  our  observations.  Moreover  microfields  large 
enough  to  give  observable  signals  at  n  =  15  would  lead  to  widths  and  strengths  for  the 
forbidden  P  lines  above  n  =  22  at  least  an  order  of  magnitude  larger  than  that  observed; 
and  strong  Stark  F  state  signals  would  be  produced  contrary  to  observation.  We  conclude 
microfield  Stark  effects  are  also  not  significant. 

We  attribute  the  observed  effects  to  quasi-molecule  formation.  In  the  presence  of  a 
second  atom  the  spherical  symmetry  of  the  atom  is  modified  so  that  only  a  cylindrical 
symmetry  is  present.  Moreover  the  atomic  separation  is  much  less  than  the  wavelength  of 
the  laser  light.  Hence  the  L  quantum  number  is  not  conserved.  The  problem  is  to  find  an 
i.'teraction  that  is  sufficiently  long  ranged  and  of  sufficient  strength.  The  Rydberg 
electron  is  only  loosely  bound  to  the  K+  core  and  has  a  de  Broglie  wavelength  considerably 
greater  than  the  radius  of  a  ground  state  potassium  atom.  The  Rydberg  electron  can 
interact  strongly,  scatter  off  such  an  atom  with  a  delta  function  interaction,  the  Fermi 
constant  potential,  and  change  its  state2 > 8 .  Such  an  interaction  can  be  strong  and  has  a 
range  equal  to  that  of  the  radius  of  the  Rydberg  atom;  for  n  =  18  that  range  is  342A  which 
is  marginally  smaller  than  that  required  -  about  466A •  Of  course  this  interaction  is 
effective  only  for  atoms  whose  wavefunction  overlap. 


For  atoms  whose  separation  is  sufficiently  large  that  their  wavef unct ions  do  not  overlap 
the  strongest  interaction  is 


V 


V  +  V  rt 
D  Q 


>^1^2  ^  u  1Q2  +  U2Q1 

r3 


The  first  interaction  potential  Vq,  the  dipole-dipole  interaction  leads  to  cross  sections 
of  the  order  10^&2  for  resonant  collisions  between  Rydberg-Rydberg  atoms  with  n  =  20(ref.9). 
Although  the  symmetry  of  this  interaction  precludes  an  explanation  of  our  "forbidden"  P 
signals,  it  may  explain  the  much  larger  effects  observed  on  the  enhancement  of  the  S  levels 
which  we  have  also  observed  but  are  not  described  here.  The  dipole-quadrupole  interaction 
Vq  has  the  correct  symmetry  to  explain  our  observations  on  the  appearance  of  the 
"forbidden"  P  lines.  We  outline  schematically  the  process  where  the  ground  quasi-molecular 
state  |S>  |S>  is  excited  coherently  by  two  photon-dipole  allowed  transitions  to  virtual 
excited  states  lS>  1d*>,  1s>  |S*>,  and  1p*>  1P*>  and  then  because  of  the  dipole  quadrupole 

interaction  Vq  to  the  "forbidden"  state  |S>  |P>.  ie . 

|S>  |S>  2_photj3n|  |p*j  |p*>  ^  |S>  |D*>  +  |S>  lS*>  |S>  1p> 


The  relative  contributions  of  the  Fermi  contact  and  the  dipole-quadrupole  interactions, 
both  long  range,  are  now  being  studied. 


1  Schematic  diagram  of  the  photo- 
ioniztion  experiment.  WTien 
circularly  polarized  light  is 
required,  A  Soleil-Babinet 
compensator  (not  shown)  is  used 
after  the  Glan-prism  polarizer. 


laser  frequency  (cm'') 


Fig.  2  Portion  of  a  potassium  resonant 
multiphoton  ionization  spectra 
taken  a  T=232°C  and  with  a 
collection  voltage  of  10  volts. 
The  laser  power  density  was 
800  MWcm“2 .  The  strong  line 
signal  near  17  272  cni~i  is  due  to 
sodium  impurity. 
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Abstract 


A  new  effect,  Energy  Pooling  Ionization  (EPI),  is  proposed,  't  gives  rise  to  atomic  ions  through  a  colli¬ 
sion  between  atoms  transferred  to  their  first  excited  state  by  esonant  laser  light.  The  atomic  systems  that 
may  produce  this  effect  are  indicated  and  the  first  preliminary  results  obtained  in  In  reported. 

Introduction 


Laser  assisted  collisions  represent  a  vast  class  of  processes  where  an  atomic  transition  take  place  only  in 
the  simultaneous  presence  of  a  laser  field  and  a  collision.  These  processes  have  been  the  subject  c*^  a  large 
number  of  both  theoretical  and  experimental  studies  since  the  first  work  of  Gudzenko  and  Yakovlenko^ . 

They  may  be  divided  into  two  groups: 

a)  Collisions  assisted  by  a  laser  field  non  resonant  with  any  atomic  transition. 

b)  Collisions  assisted  by  a  laser  field  resonant  with  an  atomic  transition. 

We  want  to  study  a  new  effect,  the  Energy  Pooling  Ionization  (EPI)  which  produces  atomic  ions  via  the  colli¬ 
sion  of  two  atoms  excited  by  resonant  laser  light.  As  it  is  often  very  difficult  to  make  a  selective  trigge¬ 
ring  of  only  one  process,  it  may  be  useful,  before  introducing  the  new  effect,  a  brief  review  of  these  pro¬ 
cesses  pointing  out  the  relevant  parameters  for  which  they  are  predominant.  This  will  help  us  in  the  determi¬ 
nation  of  the  experimental  conditions  and  in  the  choice  of  the  atomic  species. 

An  extensive  review  of  the  most  recent  results  can  be  found  in  references  (2)  and  (3). 

Processes  belonging  to  group  a)  may  be  further  classified  into  two  categories.  The  first  one  is  schemati¬ 
cally  represented  by  the  reaction: 

A  ll>  +  B|i>  +  hn  Alf>  +  Bli>  (1) 

where  li>  represents  the  initial  state  for  both  atoms  A  and  B,  lf>  represents  the  final  state  of  atom  A  and  r 
is  the  frequency  of  the  laser  photon.  This  reaction  Is  referred  to  as  "Optical  Collision"  .  It  is  charac¬ 
terized  by  the  fact  that  one  atom  does  not  change  its  Initial  state;  it  only  plays  the  role  of  perturbing  the 
potential  curves  of  atom  A  during  the  collision  so  that  the  latter  can  absorb  the  photon  hr  . 

The  second  class  is  schematically  represented  by  the  reaction: 

Ali>  +  B|l>  +  hi-  A|f>  +  Blf>  (2) 

where  li>  and  v  have  the  same  meaning  as  before  and  lf>  is  the  final  state  for  both  atoms  A  and  B.  Reaction 

(2)  is  referred  to  as  "Radiative  Collision"^ 1)  or  LICET  -  Laser  Induced  Collisional  Excitation  Transfer (5)-. 

It  is  characterized  by  the  fact  that  both  atoms  change  their  initial  state.  Transition  (2)  can  be  imagined  as 
a  process  in  which  the  atom  A  makes  a  transition  at  a  frequency  corresponding  to  the  sum  of  the  energies 
supplied  by  the  collision  and  the  laser  field.  It  may  also  be  viewed  as  atransition  induced  by  the  laser 
photon  in  the  quasi-molecule  AB  which  is  present  during  the  interection  between  the  atoms. 

Reactions  (1)  and  (2)  need  very  high  photon  fluxes  and  relatively  high  atomic  densities.  These  effects, 
moreover,  strongly  depends  on  the  laser  frequency. 

In  processes  of  group  b)  the  role  of  the  laser  is  to  prepare  the  colliding  atoms  in  a  well  defined  excited 
state.  The  two  most  important  parameters  are  the  laser  power  density  Wl  and  the  atomic  density  N.  The  predo¬ 
minance  of  one  or  the  other  of  these  parameters  gives  rise  to  several  different  reactions  which  are  briefly 
reviewed  and  which  may  be  simultaneously  present  in  a  particular  experiment.  The  atoms  most  widely  studied 
are  the  alkalis  and  a  review  of  the  results  of  these  experiments  is  given  In  references  (2),  (6)  and  (7). 

The  processes  leading  to  highly  excited  levels  are  the  "energy  pooling  collisions" 

A*  +  A*  — ►  A**  +  A  (3) 

and  the  "associative  ionization" 

A*  +  A*  —  A+  +  e-  (4) 

followed  by  dissociative  recombination  or  radiative  recombination 

A2  +  e-  —  A**  +  A  (5) 

A+  +  e-  — »  A2  +  hv  .  (6) 

The  cross  section  for  process  (3)  have  been  measured  by  monitoring  the  fluorescence  from  the  highly  excited 
levels  and  values  up  to  10”^^  cm^  have  been  obtained^®"* in  good  agreement  with  the  theoretical  calcula- 
tlon^^*^).  Several  alkali  atoms  and  alkali  mixtures  have  been  studied  starting  with  Na  in  the  pioneering  work 
on  the  subject(12).  They  include  besides  Na,  Rb^l^)^  and  Na-Rb^^^).  These  processes 

do  not  need  very  high  laser  power  densities  as  well  as  high  atomic  densities.  Therefore  they  cannot  be  easily 
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Figure  1.  a)  Schematic  representation  of  the  EPI  process. 

b)  Schematic  representation  of  the  excitation  of  Rydberg  levels  [reaction  (16)  in  the  text]. 

It  Is  evident  that  the  requirement  to  get  this  effect  is 

E(A*)  1/2  El  .  (14) 

To  get  the  process  unaffected  by  secondary  effects  it  is  essential  that  the  level  resonant  with  the  laser 
photon  is  the  first  excited  one. 

The  Interest  in  this  process  comes  from  the  fact  that  it  makes  possible  the  transition  of  atoms  from  bound 
states  to  continuum  through  collisions.  Besides  it  allows  the  study  of  how  the  cross  section  of  this  transi- 
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tion  depends  on  the  energy  defect  _^E  defined  In  (13).  It  also  gives  the  opportunity  to  get  informations  on 
the  quasi-molecular  states  of  the  colliding  partners  and  to  produce  an  atomic  population  In  the  Kydberg  levels 
of  the  atomic  system. 


TABLE  1:  Relevant  parameters  of  Ga,  In  and  T1  for  the  EPI  process. 


Atom 

- 1 

Ground 

level 

— 

Fine  structure  of 
the  ground  state 
cm~l  (eV) 

First 

excited 

level 

Energy  of  the 
first  ex.  level 

eV 

Ionization 

Potential 

eV 

Je, 

cm”  1 

^E^ 

cm”  1 

n (Ryd , ) 

Ga 

^'’1/2 

200  s. 

826.2  (0.10) 

5S 

3.07 

6.00 

1189.6 

363.4 

= 

In 

^^1/2 

10  s. 

2212.6  (0.27) 

6S 

3.02 

5.79 

2075.7 

-137.0 

30 

Tl 

^^1/2 

0.23  s. 

7792.7  (0.97) 

7S 

3.28 

6.11 

3688.3 

-4104.4 

6-tlO 

Table  1.  r  =  mean  lifetime  of  the  ground  state  P3/2  sublevel;  =  difference  between  twice  the  energy  of 

the  first  excited  level  and  the  ionization  potential  (reaction  (15)];  ..AE2  =  liEj  minus  the  fine 
structure  energy  of  the  ground  state  [reaction  (16)]  ;  n(Ryd.)  =  Rydberg  state  reached  from  the  atom 
according  to  reaction  (16).  Data  from  reference  (19). 


EPI  can  he  detected  by  monitoring: 

i)  the  fluorescence  coming  from  high  lying  levels  populated  by  recombination  processes, 

ii)  electrons  and/or  ions. 

In  case  i)  the  use  of  a  collision  cell  is  to  be  preferred  while  in  case  ii)  an  atomic  beam  is  to  be  used. 

An  atomic  system  suitable  for  EPI  has  to  fulfill  the  condition  (14).  Those  which  answer  this  requisite 
are  In,  T1  and  Ga. 


Figure  2.  Simplified  diagrams  of  the  energy  of  the  atomic  levels  of  Ga,  In  and  Tl.  The  value  of  the  energy  kT 
is  also  indicated  in  scale. 


961 


These  elements  present  other  motives  of  interest.  Their  ground  state  is  a  P  level  with  a  fine  structure 
energy  depending  on  the  particular  atom.  Therefore  we  expect  that  the  collisions  of  two  excited  atoms  have 
two  possible  exit  channels  schematically  represented  in  fig.l  and  described  by  the  reactions 


A*| 

[(n+l)Si/2] 

1  +  A*| 

^(n+l)Sj/2] 

a| 

nPj/2_ 

+  A"*"  +  e"  +  ci  E 

A*j 

[(0+1)81/2] 

+  A*j 

[("+1)81/2] 

!-►  A 

"^3/2_ 

1  +  A**  +  2iE2  . 

(15) 

(16) 


Reaction  (16)  indicates  the  excitation  of  Rydberg  levels  (fig. lb).  This  reaction,  as  results  from  table  1 
is  not  possible  for  Ga  as  AE2  is  always  positive.  In  fie. 2  a  simplified  diagram  of  the  energy  levels  for  the 
three  atoms  is  shown. 

We  report  in  the  following  the  very  first  preliminary  results. 


Experimental  apparatus  and  preliminary  results 

In  order  to  see  this  effect  we  started  to  work  in  a  cell  where  high  atomic  densities  are  easily  reached 
and  it  is  also  possible  to  add  some  buffer  gas  which  plays  the  role  of  the  third  body  in  the  collision  process, 
Ga,  In  and  T1  have  very  low  vapour  pressure(20) ,  so  to  achieve  the  same  densities  typical  of  analogous 
experiments  in  alkalis  (10^2  i  cni“3)  it  is  necessary  to  work  at  very  high  temperatures  as  results  from 

fig. 3  where  the  densities  of  the  three  elements  are  plotted  versus  temperature. 


Figure  3.  Densities  of  Ga,  In  and  T1  plotted  versus  temperature.  Data  from  reference  (2D'>. 

T1  seems  to  be  the  easiest  to  handle  with  when  temperature  is  concerned,  but  it  is  more  difficult  to  get 
the  laser  wavelenght  resonant  with  the  fundamental  transition.  For  this  reason  we  decided  to  start  with  In 
whose  fundamental  resonance  (.1=  4102  A  )  is  achievable  with  the  dye  DPS.  The  useful  temperature  range  goes 
from  800  to  1000  °C.  At  these  temperatures  In  gets  extremely  reactive  which  creates  difficulties  in  finding  a 

suitable  cell.  As  the  HPO  (heat  pipe  oven),  more  complicated  in  building,  does  not  solve  the  problem  at  least 
for  T^  900  °c(2n,  to  observe  the  effect  and  to  get  the  preliminary  results  we  used  a  quartz  cell,  for  T<800  C 
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the  cell  contamination  proceeds  very  slowly.  Fot  T>  900”C  the  contamination  is  so  fast  that  the  cell  has  to 
be  changed  after  one  day  as  an  opaque  layer  covers  its  Internal  walls. 


Figure  9.  Portions  of  the  spectrum  detected  at  T  =  900°C,  ^laser  “  ^102  A  in  a  cell  with  In  and  15  torr  of 
Ne  as  buffer  gas.  a)  Cell  with  clean  walls;  b)  Cell  with  walls  contaminated  by  In  after  about  one 
day  of  work.  The  amplification  in  b)  is  decreased  a  factor  of  5  with  respect  to  a). 

This  layer  not  only  reduces  the  transparency  of  the  cell  but,  worse  than  that,  gives  rise  to  strong  lines 
in  the  detected  spectrum  as  shown  in  fig. 4. 
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Figure  5.  Experimental  set-up. 

C  =  Quartz  cell;  M  =  Mirror;  MOb  =  Monochromator;  P  =  Photomultiplier;  CR  =  Chart  recorder; 

T  =  Reference  trigger;  L  =  Converging  lens;  F  =  Neutral  density  filters. 

Fig. 5  shows  a  block  diagram  of  the  experimental  set-up.  A  pulsed  grazing  incident  dye  laser  (pumped  by  a 
commercial  N2  laser)  -  pulse  duration  5  ns  FWHM,  maximum  peak  power  -  15  KW,  repetition  rate  10  Hz  -  is  focu¬ 
sed  inside  the  cell  kept  in  an  oven  whose  temperature  is  controlled  and  may  be  raised  up  to  1200  C. 
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The  fluorescence  reflected  by  mirror  M,  dispersed  by  a  0.32  m  focal  length  monochromator,  is  collected  by  a 
photomultiplier.  The  signal  is  analyzed  by  a  box~car  integrator  and  recorded  by  a  chart  recorder.  The  box-car 
is  triggered  by  the  laser  pulse  itself. 

Both  processes  (15)  and  (16)  can  be  detected  by  monitoring  the  fluorescence  of  the  vapour  irradiated  by 
resonant  light,  even  if  they  cannot  be  distinguished  in  these  conditions.  At  low  temperature  only  the  lines 
corresponding  to  the  »  6S|^2  (^102  A)  and  m  6Sj^9  (4511  A)  transitions  show  up  and  no  other 

line  appears.  This  excludes  the  presence  of  a  high  rate  multiphoton  ionization.  When  tlie  temperature  is 
increased  and  the  atomic  density  gets  high  enough  other  lines  appear  in  the  spectrum. 

Due  to  the  short  lifetime  of  the  cell  we  analyzed  only  the  short  portion  of  the  spectrum  where  some  lines 
of  the  P  series  should  appear.  In  this  region  we  observed  the  lines  corresponding  to  the  transitions 
6S  m  IIP  (4880  A),  6S  lOP  (5022  A)  and  6S  »  9P  (5260  A)  drawn  in  fig. 2,  while  the  transition 

6S  12P  (4790  A),  for  example,  is  absent. 


10  A 


^  H  L 

- ^ -  H- 

4882  4511 
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Figure  6.  Signals  corresponding  to  the  transitions  63  '  >  IIP  and  6S"  *  respectively  monitored  In  a 

ceil  with  In  and  15  torr  of  Ne  as  buffer  gas  at  T  =  950  "C,  laser  “  ^102  A.  The  6S  »  IIP  line 
Is  amplified  400  times  and  only  3%  of  the  6S  »  ^^3/2  collected. 


In  fig. 6  the  lines  corresponding  to  the  transitions  6S  >  IIP  and  6S  »  ^^3/2  reported  in  order  to 
compare  the  relative  intensities.  Their  ratio  results  to  be  7.15x10"^  which  is  a  reasonable  value  for  colli- 
slonal  processesU2)  _  Even  at  high  temperature  the  P  series  resonances  disappear  if  the  laser  is  slightly 
detuned  from  resonance.  Up  to  now  it  was  not  possible  to  make  accurate  measurements  of  the  dependence  of  the 
signal  Intensity  on  the  laser  Intensity  and  the  atomic  density.  These  measurements  are  essential  to  give  an 
undoubtable  Interpretation  of  the  experiment.  For  the  moment  we  can  say  that  these  signals  are  not  due  to 
multiphoton  processes  but  to  collisional  ones  and  we  presume  that  the  latter  are  the  ones  we  described  before. 
On  the  other  hand  even  with  the  mentioned  measurements,  there  remain  some  puzzling  aspects  in  the  experiment 
such  as,  for  example,  the  absence  of  the  6S  ■  i »  1 2P  line  as  the  12P  level  is  very  close  to  the  UP  level. 
Other  collisional  processes,  unknown  at  the  moment,  cannot  be  excluded.  For  istance  nothing  is  known  about  the 
molecules  of  these  elements  and  they  could  play  a  role  in  the  collision.  It  is  also  evident  that  a  final 
interpretation  cannot  leave  out  the  analysis  of  the  entire  spectrum. 

In  conclusion  wc  have  shown  that  the  reported  preliminary  results  come  from  collisional  processes  which  we 
presume  are  the  ones  described  in  the  text.  To  give  a  definite  interpretation  of  the  experiment  we  are  trying 
to  solve  the  problem  of  the  short  lifetime  of  the  cell  which  is  now  too  short  to  allow  the  analysis  of  the 
entire  spectrum  under  the  same  experimental  conditions. 
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Abstract 

The  light  mechanical  forces  acting  on  vapors  are  discussed  and  the  most  recent  experimental  results  are 
presented.  Two  effects  are  considered:  the  resonance  radiation  pressure (RRP)  and  the  light  induced  drift (LID). 
In  both  cases  inportant  sodium  vapor  density  variations  have  been  observed.  The  influence  of  broad  band  laser 
excitation (lamp- laser)  and  of  the  atanic  interaction  with  the  cell  walls  have  been  analyzed. 


Introduction 

Light  exerts  forces  on  atoms  which  are  able  to  modify  their  motion.  These  forces  can  be  succesfully 
exploited  by  using  lasers  that,  due  to  the  high  achievable  intensities,  can  deflect  or  cool  down  an  atonic 
beam,  as  well  as  oorpress  a  vapor  inside  a  cell.  The  experiments  on  the  mechanical  action  of  liqht(MAL)  have 
been  until  new  performed  mostlv  on  atanic  beams,  while  verv  few  of  than  have  been  done  on  vapors. 

There  are  essentially  two  kinds  of  mechanical  actions  that  light  can  usefully  exert  on  vapors:  the  first 
is  the  resonance  radiation  pressure (RRP) ;  the  second  is  the  liqht  induced  drift (LID)  effect.  Both  of  them  can 
modify  the  equilibrium  vapor  density  and  eventually  confine  and  cempress  the  vapor  in  a  part  of  the  cell. 

RRP  is  a  well  known  effect  due  to  the  transfer  of  the  photon  momentum  hv/c  to  the  atan  during  the 
absorption-emission  process,  where  h=Planck's  constant,  c=velocitv  of  light  and  v  laser  frequency.  If  T  is 
the  lifetime  of  the  excited  level  the  force  acting  on  the  atom  is  F=  hv/cx  at  the  saturation.  RRP  pushes  the 
atems  along  the  direction  of  the  light  propagation  as  it  is  schenatically  shown  in  fig.  la  for  a  single  mode 

laser  excitation.  The  arrow  indicates  the  laser  beam  direction  and  the  dots  represent  the  atoms.  RRP  is 

maximum  when  the  laser  is  perfectly  on  resonance  inside  the  Doppler  linewidth  ^  Vq  . 

RRP  was  demonstrated  for  the  first  time  in  1933  by  O.Frishd^ ,  vho  was  able  to  deflect  a  sodium  atomic  beam 
by  using  a  resonance  lanp.  The  advent  of  lasers  made  this  kind  of  experiments  easier  bv  getting  possible  the 

deceleration  and  the  cooling  of  atxanic  beams  .  RRP  vapors  instead  was  not  demonstrated  until  the  very 

recent  experiment  performed  by  J.H.Xu  and  L.Moi(^) . 
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LID  is  an  effect  proposed  onl\'  few 
ve^s  ago  bv  Gel'nukhanov  and  Shalauin 
and  observed-for  the  first  time  bv 
Antsygin  et  al .  .  It  is  due  to  the 

cembined  actions  of  resonant  laser 
excitation  and  collision  with  a  buffer 
gas.  Both  the  difference  between  the 
diffusion  coefficients  of  the  ground 
and  excited  state  atems  and  the 
velocity  selective  laser  excitation 
produce  an  asynmetry  in  the  Maxwellian 
distribution  of  the  atomic  velocities 
and  then  a  macroscopic  flux  of  atems 
inside  the  cell.  As  a  consequence  LID, 
differently  fron  RRP,  can  both  pull  and 
push  the  atoms  depending  on  the  laser 
detuning (  see  fig.  1b  and  1c  )  ard  it 
is  maxinum  when  the  laser  is  slightly 
out  of  resonance. 


Fig.  1  -  Schematic  representation  of  the  RRP  and  LID  effects 
on  vapors 


chemical  reaction  dynamics. 


RRP  and  LID  are  selective,  through 
the  resonant  laser  excitation,  with 
respect  to  the  atonic  species,  it  is 
therefore  evident  their  importance  to 
study  isotopic  separation  as  well  as 
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Experiments  and  results 


In  this  paper  the  experiments  performed  on  RRP  and  LID  effects  are  doscriljed  with  special  attention  to  tiie 
phencinena  produced  by  multimode  dye  lasers  having  particular  gecmetry  and  cliaracteristics  (Iximp- laser)  (6)  _ 

At  least  tviO  inportant  points  must  be  considered  when  a  MAL  experiment  is  runned  on  a  vapor:  tiie  first  is 
represented  by  the  collisions  with  tiie  cell  walls;  the  sencond  bv  Doppler  broadening  of  the  absorption  line. 

When  an  atom  hits  the  wall  it  remains  for  a  given  time  Ta  at  tiie  surface,  wtiere  Tq  depends  on  the 
adsorption  energy  as 

Ta  =  To  exp{  EaAT  )  (1) 

with  To  =  10  s.  This  fact  has  two  noin  consequences:  the  first  is  that  for  large  Ta  values  an  atonic 
layer  is  formed  at  the  internal  surface  of  the  cell  and  this  layer  has  to  be  removed  to  have  any  vapor 
density  variation;  the  second  one  is  that,  in  any  case,  tlie  diffusion  of  tlie  vapor  is  slowed  down  as  a  result 

of  tlie  many  collisions  with  tlie  cell  walls  undergone  by  the  atoms  in  the  diffusion  process.  The  last  effect 

is  enhanced  by  the  small  transversal  dimensions  of  the  cell  that  have  to  match  tlie  laser  laeam  diameter. 

Topical  Ea  values  are  in  the  1  -  1 .  b  ev  range  for  alkalis  confined  in  a  glass  cell  and  tlie  relative  Ta  is 

10  "3  Dy  adopting  a  special  coatirri,  obtained  from  a  hether  dymetil  polisilossane  solution,  Ta  becones 
10  ’  s  .  The  coating  re-lucos  the  fonration  of  the  surface  atomic  layeur  and  it  gets  negligible  the 

contribution  of  the  wall  friction  to  tiie  diffusion  time. 

The  Dopplpf  hroadeninn  lowers  the  effective  couplincj  of  a  single  mode  laser  with  the  vapor  (see  insert  in 
fig.  2)  and  this  lias  non  ne<)ligible  consequences.  For  example  the  force  acting  on  the  vapor  in  the  RRP  effect 

depends  on  the  number  of  atcms 
instantaneously  interacting  with  the 
laser,  and  in  LID  the  mentioned 

L  =  0.5'15m— (  asymretry  in  the  Maxwellian  velocity 

distribution  is  a  function  of  the 
velocity  groups  involved  in  the 
excitation  process.  Therefore  it  is 
very  iirportant  to  control  the 

fraction  of  excited  atcms.  To  tliat 

purpose  we  have  adopted  a  multimode 
laser  having  a  long  cavity  in  order  to 
close  up  the  frequency  separation  •'»’M 
between  the  longitudinal  modes  and 
eventually  to  reduce  it  to  a  value  that 
is  snaller  than  the  Ixmogeneous 
linewidth  of  the  absorbing  line'®^  . 

In  fig.  2  tlie  general  scheme  of  the 
experimental  apparatus  used  in  both 
experiences  is  reported.  Two  different 
dye  lasers  have  bron  used  in  order  to 
check  the  highest  efficiency  of  the 
broad  band  excitation:  an  actively 
stabilized  single  mode  dye  laser  and  a 

Fij.  2  -  Sketch  of  the  experimental  appratus;  rrultimode  dye  laser  whose  cavity  lengtlu 

FP=  Fabn/  Pernt  Interferometer;  L  can  be  varied  between  .5  and  15  m, 

RL--  leferonco  cell;  PM=  nhe^tonuJ  tiolicr ;  to  aA»jy,=  300  MHz  and  a  A  10  MHz 

OF=  C'Dtical  filx'r:  C=  caoillar'/  cell;  L=  lens;  correspond  respectively.  The  sodium 

M=  rurror:  B.S-  snlitter.  The  insert  vapor  is  confined  in  a  capillary  cell 

sSxjws  Lhi^  (Coupling  between  the  laser  anti  vapor  (</>=  .2cm)  wliich  has  a  lenjth  of  about 

15  cm  in  the  LTD  axperiments  and  50  an 
in  the  RRP  experiments.  In  the  first 

case  tlie  cell  is  filled  with  few  torr  of  Neon,  wtiile  in  the  secon.!  one  it  is  pernancntly  connected  to  an  ion 
pump  in  order  to  liavo  a  v<ury  low  iuackijround  gas  pressure.  The  cell  is  rrade  by  following  a  particular 
procedure  descrilwi  el.sewherc  .  The  f  luorescerxue  is  eoLiecLw,!  aL  /  igh-_  oixile  luy  means  of  an  cptical  fiber 
wiiich  .an  be  mnveii  alone;  z.  At  our  experimental  conditions,  the  fluorescence  intensity  Ij.-is  proportional  to 
the  vapeur  den.stty  n  and  An/n  =  A  I/I. 

i)  Rcscunonce  Radiation  Pressure:  Wlien  a  vatnr  is  illuminated  bv  a  resonant  laser  it  is  sutmittc<J  to  a 
force  c'  wtiich,  in  stationar'  cxindition.s .  mrxlifies  the  vatxor  densitv  nrofile  alone  the  canillarx'  as 


n(z)  =  ng(S<n(Fz/KT) 


(2) 


wlierc  no  is  the  eouilihrium  density  <ind  z  i.s  the  tx)sition  inside  the  cell, 
by  ^ 

F=  (h/AT)  •  (iL/Is'/d+lL/Ig) /(JtrAVp) 


Foi'  a  twe:)  level  ataii  F  is  (uven 

(3) 
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for  a  single  mode  excitation  and  by 


2 


F  =  1 
n 


(h/A  T  ) 


^n/  Is 
( 1  +In/^s' 


/  nji>M  1 
JVetf  el  AVp  I 


i4) 


for  a  multiiiKxJe  laser  excitation,  where  laser  wavelength,  Ic;  =  saturation  power  density.  In  =  intensity  of 
each  laser  mode,  1  /  ^s  ^  ~  effective  linewidth  of  the  absoigDtion  line,  J'lVi=  natural  atciiiic 

linewidth.  The  given  F  is  calculated  for  laser  absorption- negligible  over  all  the  cell  lencjth.  F  is  in 
general  lower  due  to  the  Doppler  shift  of  the  excited  atoms  which  are  pushed  out  of  resonance  1j\'  ti;*:  last-r, 
unless  a  lamp  laser  is  used^®). 


Fia.  3  -  Relative  vapor  density  variation  calculated  as  function  of  z  for  single  rnode  excitation  (  curves  a 
and  a'  ) ;  rnultimoda  excitation  from  a  standard  dye  laser  (  L  =  .5m  )  (curves  b  and  b');  multintxie 
excitation  from  a  larrp  laser  (  L  =  10  m  )  (  curves  c  and  c'  ) 


In  fig.  3  the  J n/n  versus  z  has  been  calculated  for  three  different  laser  configurations  and  for  both 
possible  laser  direction,  as  it  is  shown  in  the  inserts.  The  calculations  are  made  for  I (_  =2.5  W/or.?  At 
z  =  50  an  it  is  located  the  sodium  reservoir,  therefore  no  density  variations  are  tliere  possible  and  tlie 
capillary  is  filled  or  empted  depending  on  the  laser  direction.  In  fig.  4  examples  of  fluorescence  signals, 
obtained  for  the  two  possible  directions  of  tlie  laser  (  see  inserts  in  tine  figure  )  ,  ^lre  shown.  At  time'  t  =  0 


t  t 

Laser  on  Laser  off 


(b)  =0^  (C) 


I  I  “  I  1  ^ 

0  200  400  t(ms) 


Fig.  4  -  Fluorescence  shinals  as  function  of  time  in  presence  of  RRP;  a)  =  30  mW,  Zq  =15  on, 
T  =  190  °C;  b)  =  40  rrtV,  Zq=  25  cm,  T  =  160°C;  c)  laser  out  of  resonance 
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the  laser  is  switched  on  and  the  fluorescence  reaches  its  value  determincxl  by  the  local  vapor  density,  t}:(.>n 
it  starts  decreasing  (  fig.  4a  )  or  increasing  (  fig.  4b  )  under  the  radiation  pressure.  In  fig.  4c  the  out 
of  resonance  signal  is  reported  to  allow  a  quantitative  evaluation  of  the  absolute  density  variation  n.  The 
naximum  Jn  /  n  value  measured  in  tlie  preliminary  experiment  has  been  of  the  order  of  701.  A  plot  of  J  n  /'  n 
versus  z  is  shown  in  fig.  5.  It  is  evident  the  modification  of  the  density  profile  produced  by  tlie  RRP 
effect. 


Fig.  5  -  Plot  of  J  n  /  n  as  function  of  z:  ^  ) .  T  =  190  °C,  Wl=  30  rrW,  L  =  10  m;  o  )  .  T  =  160  °C, 
W|_=  40  r.W,  L  =  5  m 
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Light  Induced  Drift:  This  effect  has  been  widely  studitxi  both  theoretically  and  experimentally 
We  have  put  particular  attention  to  the  LID  dependence  on  the  atcm-wall  interaction  and  we  have  shown 


I  T 

0  30  60  t(ms) 

t 

Laser  on 


Laser  on 


Fig.  6  -  Fluorescence  signals  as 
function  of  time  in 
presence  of  LID:  a) 
urcoated  cell,  single 
mode  excitation; 

b)  uncoated  cell,  broad 
band  excitation; 

c)  coated  cell,  single 
mode  excitation; 

d)  coated  cell ,  broad 
band  excitation 


that  the  used  silane  coating  speeds  up  the  effect^^^  by  allowincj  tlie  study  of  tlio  LID  stationary  states  for 
given  laser  intensity  and  f requoncy  ( 1  I 
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Preliminary  results  have  been  obtained  on  the  analysis  of  the  laser  bandwidtli  on  the  drift  velocity  v^^  . 
These  results  show  that,  by  using  the  broad  band  dye  laser  described  above,  it  is  possible  to  increase  v^j^  . 
This  can  be  understood  by  adopting  an  heuristic  description  for  V(jf  tiiat  is  given  by 


'^dr 


(5) 


vrfiere  Dg  and  Dg  are  the  diffusion  coefficient  for  the  excited  and  ground  state  atoms  respectively,  is  the 
fraction  of  excited  atoms  and  Vj_  is  the  mean  laser  selected  atom  velocity.  fj  depends  on  the  laser  bandwidth 
as  discussed  above  for  RRP  effect.  \Vhile  in  RRP  the  laser  bandwidth  AV\_  can  be  larger  than  the  Doppler 
linewidth,  in  LID,  owing  to  its  dispersive  behaviour,  can  not  be  as  large  as  the  Doppler  profile  because 

the  net  effect  would  be  zero.  Therefore  bv  increasing  AV\_  ,  v^jf  reaches  a  m^imum  and  then  decreases  again. 
This  has  been  demonstrated  for  verv  high  laser  fields  bv  Gel'mukhanov  et  al.  '  .  In  this  case  it  is  the 

tx3wer  broadeninq  that  increases  the  fraction  of  atoms  interacting  with  the  laser  by  inducing  a  V(jr  increasing 
until  the  selective  excitation  is  lost  and  v^j^  decreases  again. 

In  fig.  6  the  signals  produced  by  single  mode  and  broad  band  laser  excitations  are  reported  both  for 
unooated  and  coated  cells.  These  signals  show  the  fluorescence  variations  obtained  vAien  the  laser,  suitable 
detuned,  is  switched  on.  The  fluorescence  increases  up  to  the  value  determined  by  the  equilibrium  vapor 
density,  then  it  decreases  as  the  LID  pushes  the  atoms  away  from  the  observation  region.  The  transient  time 
is  proportional  to  the  drift  velocity,  for  given  vapor  density,  laser  intensity  and  detuning.  The  larger 
bandwidth  speeds  up  the  effect  both  in  the  coated  and  uncoated  cells  and  in  the  second  case  the  effect  is 
even  more  spactacular.  Further  measureirents  are  in  progress  to  give  a  quantitative  evaluation  of  vj^in  all 
these  cases. 


Conclusions 

We  have  presented  recent  results  on  vapor  MAL  experiments  vdiich  show  a  deep  modification  of  the 
equilibrium  density.  The  RRP  is  less  effective  than  the  LID  as  photon  mcmenta  are  exchanged  instead  of  atonic 
monenta,  but  it  gives  the  possibility  of  performing  a  different  kind  of  experiments  like,  for  example,  the 
laser  oooJing  of  a  vapor.  LID  can  be  very  effective  in  the  isotopic  separation  and  in  the  analysis  of 
chemical  equilibrium  in  vapor  phase. 
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Abstract:  ^  ■  j 

- A  review  of  dye  lasers  and  the  conditions  that  exist  for  good  performance  is  made.  The 

aspects  of  different  dye  laser  types  is  discussed.  The  methods  for  determining  dye  lifetime 
are  compared.  The  necessity  for  developing  and  using  some  standards  for  reporting  new  dyes 
and  the  methods  of  testing  is  requested  for  all  persons  involved  in  their  development. 

1.0  Early  Observations 

1.1  In  The  Beginning 

Dr.  Peter  Sorokin  began  the  use  of  organic  dye  material  in  liquid  form  as  a  laser  source 
in  1967.  While  I  was  at  General  Laser  Corporation,  we  developed  the  sealed  coaxial  flash- 
lamp  and  as  a  result,  the  first  commercially  available  dye  laser.  Figure  1  is  a  copy  of  the 
first  dye  laser  advertisement  placed  in  Laser  Focus  the  winter  of  1969.  Figure  2  puts  all 
together  the  basic  concepts  of  what  a  dye  laser  is,  how  it  is  made,  and  what  it  does.  The 
energy  level  diagram  on  the  left  with  the  broad  SI  emission  band  is  superimposed  on  top  of 
the  fluorescence  band  underneath  the  pictorial  layout  of  a  dye  laser. 

As  the  grating  is  rotated,  the  lasing  output  spectrum  will  change  because  the  gain  will 

shift  to  that  wavelength  which  diffracts  back  through  the  dye  cuvette  to  the  output 

reflector.  This  will  only  occur  over  that  part  of  the  fluorescence  spectrum  in  which  the 
gain  exceeds  the  dyes  reabsorption. 

The  right  graph  shows  the  difference  in  spectral  output  when  a  flat  reflector  replaces 
the  grating.  Instead  of  the  output  linewidth  being  7A  with  the  grating  (or  other  dispersive 
device),  it  becomes  broadened  to  about  40A  (3.8nm)  because  of  the  relative  broad  gain  vs 
wavelength  existing  in  the  excited  signlet  state. 

An  interesting  thing  about  dye  lasers  is  that  any  dye  will  not  lase  at  the  same  wave¬ 
length  if  it  is  excited  or  pumped  by  two  different  methods. 

The  following  gives  an  expression  how  the  losses  in  the  cavity  are  related  to  the 
reflectivity  and  transmission  of  the  reflectors.  The  emitted  wavelength  is  also  a  function 
of  not  only  the  losses  that  exist,  but  also  on  the  dye  cell  length  and  concentration. 

L  =  Cavity  Losses 
=  Dye  Cell  Length 
n  =  Dye  Concentration 
R  =  Mirror  Reflectivities 
T  =  Window  Transmissions 
L  =  1/2  Ln  (Ri ,  RzT,  T2 ) 

Changes  in  wavelength  estimated  by 


A  good  reference  book  on  dye  lasers  is  "Topics  in  Applied  Physics  Dye  Lasers",  Volume  1, 
Edited  by  F.P.  Schafer.  From  that  book  Figure  3  shows  the  effect  on  lasing  wavelength  as 
the  concentration  is  changed. 

As  the  concentration  is  increased,  the  output  shifts  to  the  red.  Figure  4  shows  the 
effect  by  changing  the  length  of  the  cell.  So  if  you  do  a  report  that  says  that  I  have  a 
half  centimeter  cell,  ej^ject  a  different  wavelength  if  somebody  else  reports  using  a  one 
centimeter  cell. 

1.2  Pump  Methods 

Lets  look  at  the  different  methods  of  pumping  in  order  to  get  everyone  on  the  same  ground. 
Figure  5  says  ruby  laser  but  you  can  substitute  nitrogen  laser,  or  Nd:Yag  laser  as  the 
source  for  transverse  laser  pumping  of  the  little  dye  cell.  This  is  one  method  of  making  a 
dye  laser,  that  is  a  laser  pumped  dye  laser.  Figure  5  also  gives  you  a  dramatic  picture  of 
what  a  CW  dye  laser  looks  like  using  an  Argon  or  Kryton  ion  laser  as  the  pump  source. 

This  is  from  some  of  the  early  work  that  Ben  Shavely  at  Kodak  published.  To  some  extent, 
this  shows  you  why  the  flashlamp  pumped  dye  laser  is  being  used  for  high  power  work.  Much 
more  volume  of  dye  can  be  excited  with  a  flashlamp  system,  so  therefore  more  output  is 
obtained . 

Figure  6  presents  lasing  output  spectra  from  dye  lasers  pumped  by  the  different  methods. 
Pick  any  dye  and  notice  how  different  they  behave  in  lasing  wavelength  and  relative  output 
in  each  of  the  different  systems. 

One  of  the  interesting  things  about  the  coaxial  flashlamp  is  that  it  can  pump  dyes  into 
the  near  UV. 

I  hope  it  is  obvious  that  when  data  is  presented,  the  method  of  pumping,  the  length  of 
the  cell  or  model  of  laser  used  must  also  be  given. 
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2.0  Flashlanp  Importance 

Figure  7  shows  the  coaxial  f lashlamp .  It  differs  from  the  linear  flashlamp  by  the  fact 
that  the  dye  flows  down  the  center  of  the  coax.  The  linear  flashlamp  requires  a  reflector 
to  get  the  light  out  of  the  linear  flashlamp  into  the  dye  cell.  The  coax  can  be  designed  to 
get  the  maximum  pumping  efficiency  into  the  dye  cell.  It  has  a  different  loss  mechanism  and 
different  gain  mechanism  than  any  other  excitation  source.  So  if  you  are  using  a  coax,  you 
are  going  to  get  ilifferent  performance  numbers  than  if  you  use  a  linear,  which  is  different 
from  the  Nd:Yag.  Most  important  is  that  flashlamps  can  pump  large  volumes  of  dye,  producing 
large  energy  pulses. 

Figure  8  shows  what  a  coax  can  do.  This  is  one  of  the  systems  we  developed  for  the  Air 
Force  quite  a  few  years  ago.  This  lamp  produced  L66%  efficiency  with  Rhodamine  590  dye, 
at  l/3us  pulsewidth  and  less  than  100ns  risetime.  The  lamp  was  run  at  a  killowat  average 
power.  The  lamp  proved  to  be  very  durable.  It  is  an  all  metal  to  quartz  seal  coaxial  flash- 
lamp.  The  impressive  thing  about  it  is  that  we  are  getting  1.6%  efficiency  out  of  it. 

The  signature  of  the  pulse  out  of  the  coax  is  a  little  bit  different  than  some  of  the 
other  systems  (Figure  9).  The  coax  typically  has  a  very,  very  sharp  rise.  50%  of  the 
risetime  can  be  less  than  20ns,  so  it  really  has  pumped  the  dye  hard.  This  pulse  is  a  3 
Joule  output  pulse.  It  is  about  1/2  microsecond  pulsewidth,  full  width  at  half  maximum. 

Its  efficiency  is  probably  in  the  order  of  about  1.1  to  1.2%.  When  Aaron  Fletcher  tested 
new  dyes,  he  found  some  interesting  correlations  between  dyes  and  this  picture  of  the  pulse. 
Differences  from  this  norm  may  indicate  what  is  happening  with  a  particular  dye. 

Aaron  Fletcher  at  the  Naval  Weapons  Center,  China  Lake  has  probably  been  the  fellow  that 
has  published  more  information  on  dye  testing.  He  has  done  more  testing  than  I  think  anyone 
else  in  the  world.  He  has  done  an  excellent  job.  Figure  10  presents  a  couple  of  things 
that  Aaron  has  tried  to  get  across  to  people.  The  degradation  of  the  dyes  can  occur  in 
several  different  ways.  The  left  curve  is  what  actually  happens  with  a  coax.  I  do  not  know 
what  will  happen  with  a  linear.  Aaron  did  a  lot  of  his  work  with  a  coax  but  what  is 
interesting,  is  the  harder  you  pump  the  dye,  the  longer  is  its  half  life. 

Aaron  found  that  in  order  to  measure  the  half  life  accurately  it  must  be  tested  on  an 
input  energy  level  much  above  what  is  required  for  lasing  threshold.  Some  data  by  others 
will  not  agree  with  Fletcher's.  In  most  cases,  they  were  not  pumping  sufficiently  hign 
enough  above  lasing  threshold. 

Figure  11  and  12  show  the  effect  of  dye  efficiency  and  lasing  threshold  on  repetition 
rate.  This  says  that  you  must  be  real  careful  about  how  you  make  the  measurement.  Lasing 
thresholds  will  change,  the  rate  of  degradation  will  change  depending  upon  how  hard  you  are 
pumping  them  and  how  fast.  Consistency  is  very  necessary. 

What  was  needed  was  an  absorber  with  a  lower  cut  off  wavelength  in  order  to  maintain  good 
life  but  not  suffer  efficiency  (1)*  suggested  trying  caffeine.  He  used  caffeine  in  Biology 
as  a  tremendous  UV  absorbent.  Figure  13  shows  how  the  variation  of  its  concentration 
effects  its  absorption.  When  you  get  into  the  order  of  about  1  gram  per  liter  of  caffeine, 
the  optical  density  was  measured  to  be  about  9  and  10  below  3000A. 

Caffeine  was  mixed  into  the  cooling  water  of  the  triax  (Figure  14).  With  it,  efficiency 
was  maintained  as  well  as  lifetime  improvement.  Caffeine  prevented  the  break  down  of  the 
alcohol  solvents. 

Figure  15  shows  the  results  which  were  dramatic.  The  results  indicate  that  flashlamp 
radiation  below  3000A  is  breaking  down  the  alcohols  which  greatly  limits  dye  lifetime. 

Either  a  change  in  solvents,  or  a  dye  molecule  not  sensitive  to  these  breakdown  products  is 
necessary  to  eliminate  the  need  for  this  UV  filter. 

3.0  Testing  Methods  and  Problems 

The  problem  with  measuring  dye  lifetime  is  horrendous.  Aaron  determined  what  he  called 
the  theoretical  limit.  He  looked  at  it  mathametically  and  generated  some  equations  and  said 
if  you  plot  the  data  like  figure  16  and  from  that  calculate  various  constants,  you  can  come 
up  with  numbers  for  the  theoretical  limit  like  2  mega joules/liter  or  4  mega joules/1  iter . 

This  procedure  is  not  trivial  and  is  very  time  consuming  if  done  correctly.  There  are  so 
many  variables  that  are  changing;  e,g.,  for  different  solvents,  temperatures  of  the  dyes, 
lasing  efficiency,  reflector  alignment,  that  you  really  have  to  be  a  laser  person  to  do 
this . 

Figure  17  gives  you  an  idea  what  some  of  Aaron's  data  looked  like.  All  the  numbers 
point  to  the  FOM  column  of  table  4  or  what  he  calls  the  dyes  figure  of  merit.  FOM  is 
obtained  by  measuring  the  dyes  slope  efficiency  and  multiplying  it  by  some  corrected  life¬ 
time.  The  problem  is  how  can  we  compare  this  information  with  someone  else's?  It  is  very 
difficult  unless  the  other  person  followed  the  exact  same  procedures. 

In  table  4  of  figure  17  notice  that  when  he  used  argon  cover  gas,  typically  he  got  much 
longer  lifetime.  He  makes  a  statement  that  most  Coumarin  dyes  have  longer  lifetime  under 
argon.  But  there  is  a  couple  of  Coumarin  dyes  where  this  is  not  true.  For  c8F  and  Coumarin 
153,  he  gets  longer  lifetime  with  air.  He  explains  this  by  saying  the  relative  energy 
differences  between  the  singlet  and  triplet  states  are  different  for  those  two  dyes.  So 
many  different  dyes  have  been  tested  that  it  seems  that  you  can  find  some  dyes  tested  on 
some  laser  which  will  help  draw  just  about  any  conclusion  you  want. 

(1)*  The  Use  of  Caffeine  as  a  Liquid  Filter  in  Coaxial  Flashlamp  Pumped  Dye  Lasers; 

John  Calkins,  Ed  Colley,  John  Hazle,  Optics  Communications,  Volume  42,  no.  4,  July  1982 
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Figure  18  is  some  of  Aaron's  latest  data  before  he  retired.  The  numbers  are  really 
starting  to  look  impressive.  The  data  was  taken  using  a  coaxial  flashlamp.  You  should  note 
that  the  Argon  cover  gas  in  Ethanol  is  the  winner.  But  look  at  all  the  data  he  had  to  take. 

We  have  to  determine  an  easy  method  for  testing  and  standardizing  the  lifetime  recording 
of  new  dyes.  Table  1  of  figure  18  on  the  right  is  data  from  Schimitschek  &  Hammond.  They 
took  the  relative  number  of  laser  shots  to  the  50%  decline.  That  is  all  they  did.  They 
did  not  determine  K  numbers  and  C  numbers,  figure  of  merits  but  said,  let's  just  pump  it 
and  see  what  happens.  They  had  close  agreement  on  relative  lifetimes  with  Aaron  for  a 
common  test,  CIH  and  C2H.  Aaron  would  not  agree  that  this  would  produce  the  correct  life¬ 
time  number. 

But  we  have  to  start  somewhere.  Once  you  establish  specific  operating  condicions,  then 
comparisons  can  be  made  relative  to  one  used  as  a  base.  To  do  absolute  numbers,  you  are 
going  to  have  to  take  data  similar  to  what  Aaron  did. 

One  of  the  interesting  things  that  we  did  was  to  watch  how  the  dyes  degrade.  From  figure 
19,  the  laser  produces  a  certain  energy  called  Eo  at  some  charging  voltage.  If  the  lamp  is 
flashed  at  that  constant  level,  then  there  will  be  some  number  of  shots  when  the  output 
drops  to  Eo/2  which  is  called  the  half  life.  But  if  we  instead  start  at  Eo/2 ,  and  maintain 
that  output,  then  four  times  as  many  shots  can  be  put  on  the  dye.  This  is  accomplished  by 
increasing  the  input  energy  until  the  voltage  level  reaches  a  value  that  is  close  to  the 
operational  limit. 

Ben  Shafer  reported  way  back  in  the  early  1970's  that  the  specral  output  can  be  shifted 
by  changing  its  P.H.  Figure  20  shows  a  dye  which  is  the  most  dramatic  shift  I  have  seen  to 
date.  It  was  developed  by  Joel  Kauffman.  There  are  various  things  you  can  do  to  dyes  and 
if  the  P.H.  is  not  the  same,  you  can  possibly  get  different  results. 

Figure  21  is  from  /'aron's  latest  publication  (2)**.  This  data  shows  what  happens  to  the 
lasing  efficiency  if  the  temperature  difference  between  the  cooling  water  and  the  dye  in  the 
triax  system  is  not  correct.  What  is  interesting  is  the  significant  change  which  can  be 
made  for  only  several  tenths  of  a  degree  difference.  The  effect  is  very  solvent  dependent. 
Thus  if  you  are  going  to  do  a  lifetime  measurement  using  the  triax  system,  please  make  sure 
the  temperatures  are  held  constant.  A  temperature  change  can  easily  make  any  degradation 
data  complete  nonsense. 

It  is  interesting  to  note  that  the  dye  was  stopped  in  his  "figure  6". 

He  kept  the  water  flowing,  but  he  stopped  the  dye.  You  notice  that  as  the  temperature 
of  that  inner  tube  approaches  the  optimum,  the  output  reaches  a  maximum..  This  has  nothing 
to  do  with  the  dye  flush  factor  or  index  gradients  or  anything  like  that.  So  like  I  said 
earlier,  you  can  make  one  rule  of  thumb  with  dyes,  and  I  can  show  you  something  that  will 
not  follow. 

When  using  a  coaxial  flashlamp,  you  can  have  a  problem.  The  problem  is  that  you  tend  to 
get  a  shock  wave  off  the  side  of  the  tube  during  the  pulse  and  some  localized  heating. 

Figure  22  shows  how  the  index  charges  during  the  pulse.  Figure  23  shows  the  effect  of  the 
shock  wave  as  it  propagates  through  the  dye  cell.  So,  if  you  test  with  too  long  a  pulse, 
you  can  start  getting  other  effects  that  are  going  to  effect  your  efficiency. 

4.0  Flashlamp  Spectrum 

Most  papers  talk  about  flashlamps  in  terms  of  its  equivalent  black  body  temperature.  It 
is  one  method  of  trying  to  compare  sources  that  are  used  to  pump  lasing  materials. 

Figure  24  is  an  uncalibrated  optical  multichannel  analyser  (OMO)  spectrum  of  the  flash- 
lamp  output.  The  OMA  was  checked  by  its  sensitivity  vs  wavelength  changes  which  makes  a 
true  calibration  somewhat  complicated. 

By  changing  the  center  wavelength  of  the  OMA,  the  output  vs  wavelength  from  different 
sources  can  be  compared.  The  effective  calibration  overlapped  on  this  spectrum  would  have 
the  intensity  at  4000A  increased  by  2X  and  that  at  3500A  increased  by  4  X. 

What  can  be  said  is  that  the  UV  output  is  not  increasing  for  shorter  wavelengths  as  has 
been  reported  for  linear  flashlamps.  '.^e  can  only  speculate  the  reasons,  and  say  that  the 
coax  we  use  at  about  lOKA/cm  2  discharge  current  does  not  look  like  a  black  body,  but  is 
strictly  a  xenon  discharge. 

Reasons  why  we  do  not  see  the  large  UV  can  be  possible  because  the  inner  tube  has 
evidence  of  reaching  very  high  {2000  degrees  C)  temperatures  over  a  very  thin  layer  during 
the  discharge.  Hot  fused  silica  absorbs  longer  than  notrmal  wavelengths. 

A  possible  other  factor  is  that  vapor  fused  silica  (3)t  produces  emission  spectra  in  the 
near  UV  that  may  have  been  misread  as  xenon  emission.  These  lines  can  be  very  intense  and 
may  have  lead  to  the  conclusion  about  high  black  body  temperatures. 

Another  interesting  observation  is  that  coaxial  lamps  can  pump  UV  dyes  directly  to  3300A. 
Even  though  efficiency  is  poor,  enough  UV  is  emitted  which  will  successfully  pump  the  dye. 

I  am  not  aware  of  any  linear  flashlamp  being  able  to  pump  UV  dyes.  If  al]  the  UV  emission 
(2)**  Improving  the  Output  and  Lifetime  of  Flashlamp=Pumped  Dye  Lasers;  Aaron  N.  Fletcher, 

Dan  E.  Bliss,  Michael  E.  Pietrak,  Naval  Weapons  Center 

(S)!"  Persistent  Enhanced  UV  Radiation  from  Double-Pulsed  Flashlamps;  H.W.  Gandy,  A.C.  Kolb, 
W.H.  Lupton  and  J.F.  Weller;  Applied  Physics  I,etters,  Vol.  4,  Number  1,  Jan.  1,  1964 
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does  exist,  I  cannot  see  why  some  lasing  should  not  be  possible,  even  if  the  pulse  risetime 
is  a  fa  or  of  2  slower. 

This  leads  to  a  different  conclusion  about  the  importance  of  separating  the  absorption 
and  emission  curves  as  much  as  possible.  The  dyes  absorption  maxima  near  the  peak  emission 
of  its  source  is  best  for  pumping  efficiency.  Reducing  self  absorption  at  the  lasing  wave¬ 
length  is  best  for  lasing  as  well  as  overall  efficiency. 

5.0  Standardization  of  Testing 

I  have  discussed  most  of  the  variables  that  occur  with  dyes  and  the  dye  laser  in  general. 
But  figure  25  emphasizes  something  that  I  may  not  have  stressed  earlier.  This  is  work  that 

was  done  by  Aaron  Fletcher.  When  you  do  some  measurements  of  the  dye  and  you  are  using  it 

in  a  laser,  take  a  picture  of  the  output.  Use  a  photodiode  and  beam  splitter  so  that  you 
can  see  what  is  happening.  Most  of  these  pictures  have  linear  type  backs  to  the  pulse. 

This  seems  to  indicate  triplet  quenching.  Different  dyes  react  differently  to  the  same 
excitation  pulse.  But  it  is  very  important  to  use  all  the  information  you  can  obtain  to 
help  understand  the  chemistry. 

The  manufacturer  should  tell  the  customer  what  an  approximate  lifetime  is  going  to  be  for 
each  dye.  But  any  dye  lases  with  enough  efficiency  to  do  the  experiment  at  a  specified 
wavelength.  This  efficiency  is  what  we  call  D#.  It  is  related  to  what  the  laser  will 

produce  using  Rhodamine  590  which  has  a  D#  of  1.  From  figure  26,  if  the  customer  wants  to 

use  Rhodamine  640  in  any  laser,  he  can  e jpect  about  40%  more  intensity.  For  any  given 
wavelength,  a  dye  can  be  chosen  that  has  the  greatest  efficiency.  Because  it  is  referenced 
to  R590,  the  customer  can  approximate  the  lasers  output  at  that  point. 

When  you  make  your  measurements  and  try  to  understand  a  new  dye,  you  have  got  to  come  up 
with  certain  basic  numbers.  If  we  do  not  have  those  numbers,  then  comparisons  cannot  be 
made.  You  have  to  have  the  excitation  wavelength.  Initially,  if  you  are  going  to  excite 
the  dye  with  a  flashlamp  or  Nd:Yag  or  whatever,  it  is  best  not  to  have  any  tuning  element 
in  the  cavity.  Then  the  natural  output  wavelength  is  what  we  call  Lamda  Zero.  This  is 
where  the  dye  will  lase  naturally  with  flat-flat  reflectors  when  pumped  in  a  specific 
manner.  If  the  output  reflector  is  about  95%,  then  some  relative  new  but  poor  dyes  may 
reach  lasing  threshold. 

We  want  to  know  the  efficiency.  I  always  say  relati\«  to  R590  -  why?  Because  anyone 
that  has  a  laser  knows  what  that  laser  does  with  R590.  R590  is  the  basic  dye.  It  is  a 

little  more  efficient  than  6G  and  in  any  case  people  know  what  their  laser  does  with  that 
dye.  You  must  also  specify  the  solvent.  We  like  to  specify  the  solvent  that  gives  the 
greatest  efficiency.  Some  customers  do  not  give  a  hoot  about  lifetime.  They  may  just  make 
5  shots  a  week  but  they  want  the  most  photons  they  can  get.  So  when  we  give  them  a  D#,  we 
like  to  specify  the  solvent  that  gives  the  best  output.  You  may  find  that  one  dye  lases 
very  well  in  Methanol  and  in  Ethanol  it  is  20%  less  efficient. 

The  lifetime  rating  for  a  new  dye  is  the  most  difficult.  Initially,  an  acceptable  method 
would  be  to  note  the  number  of  shots  at  a  specified  energy  level  that  it  took  to  reduce  the 
output  intensity  to  50%  when  using  one  liter  of  dye. 

When  many  dyes  must  be  tested,  we  typically  measure  the  amount  of  degradation  that  has 
occurred  after  200  shots  at  50  joules  input  energy  per  shot  for  200ml  of  solution.  This 
number  helps  sort  out  the  week  materials  quickly. 

let  me  suggest  the  necessary  information  for  a  dye  report. 

-  flashlamp  or  whatever  means  used 

-  wavelength  of  output  with  flat-flat  reflectors 

-  relative  efficiency  to  Rhodamine  590  -  this  means  you  must  test  R590 
in  the  laser  periodically 

Concentration  -  which  gives  the  best  D# 

-  expressed  as  kilojoules  per  liter  when  pumped  at  some  level  above 
lasing  threshold  (suggest  4X) 

-  the  solvent  for  best  lifetime 

-  any  cover  gas 

-  if  UV  filtered  or  not 

-  the  tuning  range  at  4X  above  threshold 
For  naming  new  dyes,  there  must  be  a  basic  methodology.  I  suggest: 

1.  New  Identifier:  related  to  some  basic  structure  of  the  dye  (Rhodamine  etc.) 

2.  Wavelength:  generally  Lamda  Zero  when  flashlamp  excited 

3.  Modifications:  using  the  alphabet  for  different  modifications 
Some  examples:  Coumarin  487 

Oligo  38lB 


As  a  summary, 

o  excitation 
o  Lamda  Zero 
o  D# 

o  Solvent  and 
o  Lifetime 
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For  a  sample  dye  report,  try  the  following: 

Dye  Report 

Name  Rhodamine  590 

Excitation  FL.  Coax  -  10mm  bore 

6mm  triax 
quartz 

D#  1.1 

Concentration  8xlO~^M,  Methanol 

595nm  (flat-flat 
Tunable  570  -  625nm  @  4X 

Lifetime  lOOKJ/liter  @  4X  Ethanol,  caffeine  argon,  D#  @  0.9 

A  general  test  procedure  is  shown  in  figure  27. 

The  dyes  are  first  screened  by  measuring  lasing  threshold  (Vth)  and  their  lasing  wave¬ 
length  (Xo)- 

Then,  their  performance  is  compared  to  existing  dyes.  A  low  threshold  indicates  a  good 
dye.  The  threshold  is  changed  by  changing  the  reflectivity  of  the  output  (Rq) .  Then  the 
output  energy  Eo  is  compared  to  Rhodamine  590  to  determine  its  realive  efficiency  (D#). 

The  test  is  complete  when  tunability  (AX)  and  approximate  half  life  ('yi/2)  are  measured. 
The  half  life  with  caffeine  as  a  UV  filter  *^1/2^^  is  important  if  the  dye  may  be  placed 
on  the  general  market. 
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Fig.  3  Plot  of  calculated  laser  wavelength  vs.  concentration  of  the  laser  dye 
3,3'-diethylthiairicarbocyaninc  bromide,  with  5  as  a  parameter.  (From  Schafer.  1968) 


Fig.  4  Plot  of  calculated  laser  wavelength  vs.  active  length  of  the  laser  cuvette,  with  the 
concentration  of  the  solution  of  the  dye  3,3'-dieihylthiatricarbocyanine  bromide  as  a 
parameter.  (From  Schafer,  (968) 


Nd:YAG  PUMPED  LASER  DYES  (Ouantel  International) 


DL-13SP  COAXIAL  FLASHLAMP 

Improved  for  Longer  Lifetime 
Greater  than  1.6%  Efficiency 


•  Energy  Is  single  shot  output  of  DL>2100D 
using  Rhodamine  6G  (methanol)  with 
100  joule  input 

•  Shots  accumulated  at  100  joule  per 
pulse  at  10  Hz  P.R.R. 

Figure  8 
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DYE  LASER  PULSE  OUTPUT 


Figure  9 


Eiample  of  I  wo  types  of  hitlMife  variation  for  difTcreni 
inputs  per  flush.  Case  A  shows  increasing  halMivei  while  Case  0 
shows  constant  half-lives.  The  line  r  truces  Ihe  half-lives 


Figure  10 
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Pig  .IX  Vorioiion  of  the  Usiftf  slope  offtdefiiy  during  the  d«frtda(ion 
of  a  dye  laser  system  for  difTereni  flash  frequencies.  Curve  A  is  near* 
icro  flash  frequency:  Curve  B  is  0.1  Hz;  Curve  C  is  0.2  Hz.  The  dye 
is  2'Oao-M,9>irimeihyl‘4>irinuoromeihyl>6.7,l,9-ietrahydro*2H* 
pyranoC2.3*A]  C^S}‘naphlhyridtne  {which  we  shall  call  AC2F)  in 
ethanol 


WAVELENGTH  (In  NM) 

2^0  3^0  3^0  4(J0 


PI9  •  X2  Variation  of  the  lasing  threshold  during  the  degradation  of  a 
dye  laser  system  for  differcnl  flash  frequencies.  Curve  A  is  near>zero 
flash  frquency:  Curve  B  is  0.1  Hz;  Curve  C  is  0.2  Hz.  Same  con¬ 
ditions  as  Fig.  I.  Note  that  the  increased  frequency  gives  an  impos¬ 
sible  negative  threshold 


Fig.  IlgCross  section  of  a  flasli  tube  diowing  fluid  chambers. 


The  loss  of  laser  power  output  using  tlic  dye  coumarln 
523  upon  l^ser  diKhcUee  with  and  without  caffeine  In  the 
cooUng  water,  b.  A  simitar  plot  for  Khodamine  S90. 


Figure  15 
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Hans  Gusten  anr)  Monika  Rinke 

Kernforschungszentrum  Karlsruhe,  Institut  fiir  Radiochemie, 
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Abstract 

New  UV  laser  dyes  with  improved  lasing  properties  (conversion  efficiency,  tuning  range,  photochemical  stability)  superior 
to  those  previously  available  are  obtained  through  molecular  engineering.  Sterically  hindered  and  ring-bridged  p- 
guaterphenyls  exhibit  laser  dye  emission  in  the  345  -  393  nm  range  with  conversion  efficiencies  (slope  efficiency)  up  to 
20  %  and  with  a  low  lasing  threshold  when  pumped  with  an  excimer  laser  operating  on  XeCl  or  KrF.  Ring-bridging  of  p- 
guaterphenyl  on  adjacent  rings  by  methylene,  oxygen,  and  ethylene  bridges  causes  a  considerable  decrease  of  the 
conversion  efficiency  in  the  order  given,  while  the  photochemical  stability  in  dioxane  increases  with  the  same  order  of 
ring-bridging.  From  the  photophysical  parameters  (fluorescence  quantum  yield  and  fluorescence  decay  time)  of  a  potential 
laser  dye  the  conversion  efficiency  can  be  predicted  using  the  calculated  cross-section  of  stimulated  emission.  The  effect 
of  the  oxazolyl  group  on  p-oligophenylenes  reveals  that  terminally  flanked  oxazolyl  groups  reduce  the  laser  performance  of 
the  p-oligophenylenes.  V/hen,  however,  the  two  oxazolyl  groups  are  directly  annellated  to  an  aromatic  ring,  as  in  case  of 
the  benzo-bisoxazoles,  a  new  class  of  efficient  and  photostable  UV  laser  dyes  is  obtained. 

Introduction 

The  concept  of  an  ideal  laser  dye  with  all  deactivation  processes  and  attack  mechanisms  on  the  laser  dye  during  its 
operation  taken  into  account  has  been  published  recently^.  This  hypothetical  laser  dye  consists  of  a  lasing  dye  moiety  in  the 
center  encircled  by  one  or  two  donor  dyes  covalently  bound  to  it  in  order  to  increase  the  pump  light  absorption.  In  addition, 
a  triplet  quencher,  a  singlet  oxygen  quencher  and  a  radical  scavenger  for  the  radicals  produced  photochemically  from  the 
solvents  are  chemically  linked  to  the  laser  dye.  Though  several  approaches  towards  an  ideal  laser  dye  have  been  made^i  ^ 
its  realization  through  skilled  molecular  engineering  by  organic  chemists  might  remain  a  dream.  Severe  limitations  on  its 
realization  are  problems  of  solubility  of  the  large  molecule  and,  of  course,  costs  of  the  synthesis. 


Figure  1  Scheme  of  an  ideal  laser  dye^. 

More  realistic  improvements  in  the  development  of  new  and  better  laser  dyes  can  be  achieved  through  molecular 
engineering  at  a  lower  level.  On  the  basis  of  spectroscopic  and  photophysical  properties  of  a  potential  laser  dye  whose 
parent  compound  is  known  to  show  stimulated  emission,  improved  laser  dyes  can  be  predicted.  Consequently,  the 
improvements  of  known  laser  dyes  with  spectroscopic  and  photophysical  properties  taken  into  account  goes  far  beyond  the 
principle  of  laser  dye  selection  by  trial  and  error. 

In  this  paper  we  summarize  our  results  on  the  laser  performance  of  new  tunable  UV  laser  dyes  of  the  class  of  substituted 
and  ring-bridged  p-quaterphenyls  which  have  been  preselected  on  account  of  their  spectroscopic  and  photophysical 
properties^  ‘ 
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Results  and  Discussion 


To  reach  the  threshold  for  stimulated  emission  of  a  laser  dye  in  solution  the  wavelength  dependent  gain  coefficient  a  for 
the  light  amplification  must  be  optimized, 

=  N]  )-  NqO  gO(A)  -  Nja  a^(A  )  -  N3a  a^(A  )  (1) 

stimulated  reabsorption  S3  -  Sp  "  ^n 

emission  absorption  absorption 

or,  in  other  words,  the  loss  processes  such  as  reabsorption,  Sj-Sp,  absorption  and  Tj-Tp  absorption,  must  be  minimized^' 
Once  stimulated  emission  has  started,  a  new  loss  term  comprising  all  quenching  reactions  through  photochemical 
degradation  products  has  to  be  taken  into  account  in  Eg.  1.  All  cross-sections  of  the  loss  processes  as  well  as  the  cross- 
section  of  stimulated  emission  are  determined  by  spectroscopic  and  photophysical  properties  of  the  laser  dye.  Thus,  the 
cross-section  of  stimulated  emission,  a  g,  is  essentially  determined  by 

o  e  =  const  Qf  /  t  3,  (2) 


tbe  guotient  of  the  fluorescence  guantum  yield,  Qf,  and  the  fluorescence  decay  time,  t  3,  of  the  laser  dye  in  guestion. 
Thus,  the  organic  molecule  in  guestion  should  have  a  high  fluorescence  guantum  yield  and  a  short  fluorescence  decay  time 
in  order  to  show  stimulated  emission.  The  pump  threshold,  in  turn,  is  controlled  by  the  reciprocal  fluorescence  guantum 
yield. 

All  these  gain  and  loss  processes  are  controlled  and  determined  by  the  chemical  structure  and  the  geometry  of  the  laser 
dye. 


Sterically  hindered  and  ring-bridged  p-guaterphenyls 

Among  the  p-oligophenylenes,  the  spectroscopic  and  photophysical  properties  of  the  p-guaterphenyls  meet  best  the 
reguirements  for  a  good  UV  laser  dye  such  as 

-  matching  of  the  absorption  spectrum  with  the  emission  of  the  most  common  excimer  lasers  operating  on  XeCl 
(308  nm)  or  KrF  (248  nm), 

-  high  molar  absorption  coefficients  at  the  wavelength  of  the  excimer  pump  laser^"^, 

-  broad  spectral  region  of  fluorescence  and  high  fluorescence  quantum  yield^> 

-  short  fluorescence  decay  time^> 

-  large  Stokes'  shift, 

-  little  overlap  of  the  fluorescence  and  triplet  absorption  spectral  regions^* 

-  photochemical  stability, 

-  necessary  solubility  better  than  10'^  M, 

-  ease  of  synthetic  procedure. 

In  addition  to  excimer  laser  pumping,  ring-bridged  p-quaterphenyls  have  been  suggested  for  flash-lamp  pumping^.  The  p- 
quaterphenyl  parent  compound  shows  stimulated  emission  in  the  near  UV  range  under  flash-lamp  excitation^*^  and  in  an 
XeCl  pumped  dye  laser^^>  The  low  solubility,  however,  precludes  its  general  use  as  a  laser  dye.  The  more  soluble 
derivative  4,  4"'-bis-(2-butyloctyloxy)-p-quaterphenyl,  generally  known  as  RiBuQ,  has  the  disadvantage  of  a  tenfold  lower 
photochemical  stability!^. 


Tuning  range  and  conversion  efficiency 


Higher  pump  light  absorption  of  the  common  excimer  laser  emissions  by  a  p-quaterphenyl  can  be  achieved  by  molecular 
engineering.  Figure  2  shows  the  influence  of  substitution  by  methyl  groups  and  of  ring-bridging  on  the  absorption  spectra  of 
p-quaterphenyls. 

A  detailed  study  on  the  effect  of  substitution  and  rinq-bridginq  in  p-quaterphenyls  on  the  spectroscopic  and  photophysical 
oroperties  can  be  found  in  the  work  of  Berlman^^.  In  general,  ring-bridging  of  p-quaterphenyls  shiftes  the  pump  light 
absorption  towards  the  wavelength  of  the  XeCl  excimer  laser  emission,  methyl  groups  causing  steric  hindrance  towards 
that  of  the  KrF  excimer  laser  emission.  The  same  effect  of  substitution  and  ring-bridging  can  be  observed  in  the  tuning 
ranges  of  the  p-quaterphenyls  (see  Figs.  3  and  4). 
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Figure  2 


Absorption  and  fluorescence  spectra  of  3,3"'-dimethyl-p-quaterphenyI,  2,2"’-dimethyl-p-quaterphenyl  and  2,7- 
di-m-tolylfluorene  in  dioxane  at  room  temperature. 


Generally,  steric  hindrance  through  methyl  substitution  in  p-quaterphenyl  produces  shorter  UV  laser  dye  emission  and  lower 
conversion  efficiencies.  Contrary  to  methyl  substituents,  methoxy  substituents  do  not  show  this  hypsochromic  effect  of  the 
tuning  range  (see  Fig.  3).  Ring-bridging  of  p-quaterphenyl  generally  gives  rise  to  longer  wavelength  tuning  ranges  in 
comparison  to  sterically  hindered  p-quaterphenyls.  The  conversion  efficiency  of  the  ring-bridged  p-quaterphenyls  decreases 
in  the  order  of  CH2  >  D  >  CH2-CH2  bridging^. 

Some  remark  should  be  added  on  the  conversion  efficiency  and  the  tuning  range  of  a  laser  dye.  Both  parameters  depend  on 
the  dye  laser  system  as  well  as  on  the  mode  of  dye  laser  operation.  Generally,  dye  laser  performance  measured  in  the 
narrow-band  emission  mode  of  the  dye  laser^^*  gives  rise  to  smaller  tuning  ranges  and  lower  conversion  efficiencies  of  a 
laser  dye  compared  to  a  dye  laser  operating  in  the  broad-band  mode^^»  Figure  5  shows  this  effect  for  the  conversion 
efficiency  of  [  2,2']  bifluorenyl  in  dioxane.  The  conversion  efficiency  is  given  as  a  quantum  efficiency  derived  from  the 
slope  of  a  plot  of  the  dye  laser  output  energy  vs.  the  pump  energy  (slope  efficiency)^®.  The  conversion  efficiency  measured 
in  the  broad-band  mode  is  always  higher  compared  to  the  narrow-band  mode^^.  It  is  understandable  that  laser  dye  suppliers 
tend  to  report  the  conversion  efficiency  measured  in  the  broad-band  mode.  However,  for  use  in  spectroscopy  or  analytical 
research  the  data  measured  in  narrow-band  mode  are  more  meaningful. 

A  comparison  of  the  laser  performance  of  the  ring-bridged  and  the  sterically  hindered  p-quaterphenyls  reveals  that  ring- 
bridged  compounds  tend  to  show  smaller  tuning  ranges.  Ring-bridging  of  p-quaterphenyl  gives  rise  to  smalier  tuning  ranges 
due  to  smaller  Stokes'  shifts  of  the  more  planar  molecules  as  compared  to  sterically  hindered  p-quaterphenyls.  Due  to  the 
smaller  Stokes’  shift,  at  the  concentration  used  in  a  dye  laser  (s-  10"^  the  tuning  range  is  curtailed  on  the  high  energy 
side  of  the  fluorescence  spectrum^. 
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Figure  3  Tuning  ranges  vs.  conversion  efficiencies  of  sterically  hindered  p-quaterphenyls  in  dioxane  and  ethanol 
(XeCl  excimer  laser  pumping)^. 
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Figure  A  Tuning  ranges  vs.  conversion  efficiencies  of  rinq-bridn''  ’  p-quaterphenyls  in  dioxane.  fyeCI  excimer  laser 
pumping)^' 
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Figure  5  Slope  efficiency  of  [  2,2']  -bifluorenyl  in  dioxane  (XeCl  excimer  laser  pumping)  for  different  operation  modes  of 
the  dye  laser. 

Table  1  summarizes  the  effect  of  methyl  substitution  and  ring-bridging  on  the  fluorescence  properties  and  laser 
performance  of  the  p-quaterphenyls. 


Table  1 

Fluorescence  parameter  and  laser  conversion  efficiency  of  ring-bridged  and  sterically  hindered  p-quaterphenyls  in  dioxane 


Fluorescence 

^mojt  1 

Fluorescence 
quantum  yield 

<t>,  [V.] 

Conversion 
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T)  ['/.] 
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77 
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354 

71 
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6 

989 


With  decreasing  planarity  of  the  p-quaterphenyl  derivative  the  fluorescence  is  blue  shifted  and  the  fluorescence  quantum 
yield  decreases.  Parallel  to  the  decrease  of  the  fluorescence  quantum  yield  also  the  conversion  efficiency  of  the  laser  dye 
decreases. 

As  was  indicated  in  Eq.  2,  the  cross-section  of  stimulated  emission  of  a  potential  laser  dye  is  determined  by  the 
phnfnnhysical  properties  nf  the  leser  dye.  In  Fig.  6  the  slope  efficiencies  of  three  double  ri"g-hridneH  p-quaterphenyls  are 
shown  together  with  the  photophysical  properties  of  these  compounds. 
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Figure  6  Slope  efficiency  of  [  2,2']  bifluorenyl,  [  3,3']  bidibenzofuranyl  and  9,10,9',10'-tetrahydro  [  2,2’]  biphenanthryl  in 
dioxane  and  their  photophysical  properties. 


The  photophysical  data  given  in  Fig.  6  show  that  the  conversion  efficiency,  derived  from  the  slope  efficiency,  is 
proportional  to  the  cross-section  of  stimulated  emission o  ^  of  the  laser  dye.  As,  in  turn,  oe;  is  connected  via  Eq.  2  with  the 
fluorescence  quantum  yield,  Qf,  and  the  fluorescence  decay  time,  x,  the  conversion  efficiency  of  a  potential  laser  dye  can 
be  estimated  from  these  photophysical  properties.  It  has  been  shown  that  this  relation  holds  for  a  sizeable  number  of 
substituted  and  ring-bridged  p-quaterphenyls^. 

Photochemical  stability 

For  high-power  operation  of  dye  lasers  the  photochemical  stability  of  the  laser  dye  is  as  important  as  the  conversion 
efficiency  and  the  tuning  range  are.  In  particular  for  long-term  irradiation  experiments  with  high  photon  fluxes  of  the  pump 
laser,  the  stability  of  the  laser  dye  can  be  the  determining  factor  in  the  choice  of  a  laser  dye.  The  photochemical  stability 
of  a  laser  dye  depends  on  the  solvent^l  as  well  as  on  the  photon  energy  of  the  pump  laser^^.  It  was  observed  for  the 
sterically  hindered  and  ring-bridc^d  p-quaterphenyls  that  the  photochemical  stability  is  approximately  by  a  factor  10  to  20 
better  in  dioxane  than  in  ethanoP>  As  Figure  7  indicates,  an  exponential  decay  of  the  dye  laser  energy  is  observed  with 
the  increase  in  absorbed  energy  of  the  pump  laser. 

The  photochemical  stability  was  measured  under  comparative  conditions,  e.  q.  the  concentration  of  the  laser  dye  was  such 
that  at  least  99  %  of  the  pump  laser  light  was  absorbed  in  the  transversely  pumped  dye  laser  cuvette.  From  the  exponential 
decay  curves  in  Fig.  7  a  half-life  energy  Ei/2  can  he  calculated  which  is  the  total  amount  of  the  absorbed  pump  laser 
energy  per  liter  of  laser  dye  solution  when  the  output  energy  of  the  dye  laser  has  dropped  to  50  %  of  its  initial  value.  With 
the  known  concentration  of  the  laser  dye  and  the  photon  energy  of  the  excimer  laser  used,  the  F.-\f2  value  can  be  expressed 
in  a  physically  more  meaningful  lifetime  as  the  number  of  photons  absorbed  per  laser  dye  molecule  when  the  output  energy 
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of  the  dye  laser  has  dropped  to  half  of  its  initial  energy  output.  A  comprehensive  investigation  of  visible  and  t'V  laser  dye 
stabilities  under  excimer  laser  pumping  has  been  published  by  Antonov  and  Hohla^l. 
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Figure  7  Photochemical  degra'^ation  of  substituted  and  ring-bridged  p-quaterphenyls  in  dioxane  as  a  function  of  the  total 
absorbed  XeCl  pump  laser  energy. 

Figure  7  reveals  that  the  photochemical  stability  of  the  ring-bridged  p-guaterphenyls  increases  in  the  order  of  the  bridge 
CH2  <  O  <  CH2-CH2.  Mono  ring-bridged  p-quaterphenyls  are  more  photostable  than  double  bridged  compounds  which  are, 
in  turn,  more  stable  than  triple  bridged  p-quaterphenyls.  It  is  interesting  to  note  that  the  most  photostable  laser  dyes  of  the 
ring-bridged  p-quaterphenyls  exhibit  the  lowest  conversion  efficiency^  (see  also  Fig.  6).  In  other  words,  the  higher  the 
conversion  efficiency  is  the  lower  is  the  photochemical  stability  of  the  ring-bridged  p-quaterphenyl.  The  mono  ethylene- 
bridged  p-quaterphenyls  such  as  2,7-diphenyl-9,10-dihydrophenanthrene  are  among  the  most  stable  photochemical  laser 
dyes.  Up  to  a  total  pump  energy  absorbed  of  50  000  Joule  per  liter  no  photochemical  degradation  was  noticeable.  Methyl 
substitution  of  p-quaterphenyl  results  in  much  more  stable  laser  dyes  than  methoxy  substitution  in  the  same  position^. 


New  aspects  of  laser  dyes  in  molecular  engineering  can  be  derived  by  attaching  oxazolyl  groups  to  a  known  laser  dye.  It  is 
well  known  that  the  oxazolyl  group  has  a  considerable  chromophoric  effect  on  the  fluorescence  of  aromatic  molecules 
because  it  enhances  the  fluorescence  quantum  yield  without  affecting  the  rate  of  non-radiative  deactivation  of  the  excited 
singlet  state22.  j|.,is  fiuorophoric  effect  of  the  oxazolyl  group  had  been  used  in  industrial  fluorescers  such  as  optical 
brighteners  and  organic  scintillators  long  before  laser  dyes  were  discovered.  We  have  synthesized  p-oligophenylenes  with 
two  terminal  oxazolyl  groups  as  chromophores  and  a  class  of  molecules,  the  benzo-bisoxazoles,  in  which  two  oxazolyl 
fluorophores  are  directly  annellated  to  one  aromatic  ring.  The  benzo-bisoxazoles  represent  two  classes  of  isomeric 


n  *  0  -  3 
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The  photophysical  properties  such  as  fluorescence  quantum  yield  and  fluorescence  decay  time  indicated  ttiat  these 
compounds  should  lase^^>  Both  classes  of  oxazoles,  the  w,w'-bis-oxazolyl-(2)-p-oIiqophenylenes  and  the  2/>-diphenyl- 
benzo-bisoxazoles,  show  fluorescence  quantum  yields  between  0.70  and  0.80  with  fluorescence  decay  times  well  iintler  one 
nanosecond^^>  Fig.  8  shows  the  chromophoric  effect  of  the  terminal  oxazolyl  groups  in  4,4'-bis-[  4,5-diphenyloxaznIyl- 
(2)] -biphenyl  (n  =  2)  which  shiftes  the  absorption  and  the  fluorescence  spectrum  towards  longer  wavelengths.  Pompared  to 
the  p-oligophenylenes^’  tiie  triplet  absorption  is  also  strongly  shifted  to  longer  wavelengths.  A  strnnn  energy 

separation  between  the  singlet  and  triplet  absorption  bands  is  desirable  in  order  to  promote  stimulated  emission  in  a 
potential  laser  dye.  This  effect  in  regard  to  lasing  has  been  extensively  discussed  by  Pavlopoulos^^>  ^2, 
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Figure  8  Singlet  absorption,  fluorescence,  laser  emission  and  triplet  absorption  spectra  of  4,4'-bis[  4,5-diphenyl-oxazolyl- 
(2)]  biphenyl  (n  =  2)  in  dioxane  at  room  temperature. 


In  Table  2  the  laser  performance  data  have  been  summarized  of  the  substituted  benzo-bisoxazoles  and  the  w,w'-bis- 
oxazolyl-(2)-p-oligophenylenes. 


Table  2 


Laser  performance  of  substituted  2,6-diphenyl-benzo-bisoxazoles  (P 2h  and  P2v^  and  w,w'-bis-oxazolyl-(2)-p-oligophenylenes 
(n  =  0  -  3)  in  dioxane  under  XeCl  excimer  excitation 
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The  conversion  efficiency  increases  with  the  number  of  phenyl  rihqs  between  the  terminal  oxazolyl  groups.  In  the  class  of 
the  isomeric  benzo-bisoxazoles  the  symmetrical  benzo-bisoxazoles  are  much  better  laser  dyes  than  the  unsymmetrical 
ones.  Furthermore,  the  photochemical  stability  of  the  symmetrical  benzo-bisoxazoles  is  much  larger  than  that  of  the 
unsymmetrical  benzo-bisoxazoles^^.  This  has  been  attributed  to  a  much  smaller  overlap  of  the  triplet  absorption  with  the 
fluorescence  spectrum  in  case  of  the  symmetrical  benzo-bisoxazoles^^. 

Molecular  engineering  consisting  in  the  introduction  of  steric  hindrance  in  the  parent  benzo-bisoxazoles  leads  to  a  broader 
tuning  range  (see  Fig.  9)  due  to  a  larger  Stokes'  shift.  Introducing  bulky  methyl  groups  in  the  ortho,  ortho'  positions  of  the 
2,6  positioned  phenyl  rings  results  in  an  unstructured  absorption  and  less  structured  fluorescence  spectrum  and,  hence,  a 
broader  tuning  range. 


Wavelength  /nm 

300  350  400  450  500 


Figure  9  Singlet  absorption,  fluorescence  spectra  and  tuning  ranges  of  2,6-di(4-tert.butylphenyl)-'ienzo  [  1.2d: 

4.5d']  bisoxazole  and  2,6-dimesityl -benzo-[  1.2d;  4.5d']  bisoxazole  in  dioxane  (Xeri  excimer  laser  pumping)^^ 

Furthermore,  through  molecular  engineering  the  absorption  maximum  of  the  lower  benzo-bisoxazole  in  Figure  9  can  be 
shifted  towards  the  308  nm  emission  wavelength  of  the  XeCl  pumping  laser  and  the  solubility  of  this  laser  dye  is  increased 
due  to  the  six  methyl  groups.  The  fluorescence  quantum  yield  and  the  fluorescence  decay  time  have  been  entered  in  Fig.  9. 
Due  to  a  longer  fluorescence  decay  time  of  the  sterically  hindered  2,6-dimesityl-benzo-bisnxazole  this  dye  has  a  slightly 
lower  conversion  efficiency  and  a  lower  photoohemical  stability^^.  V/hile  the  photochemical  stability  of  the  w,w'-bis- 
oxazolyl-(2)-p-oligophenylenes  is  poor^^,  the  benzo-bisoxazoles  with  photochemical  lifetimes  on  the  order  of  thousands  of 
absorbed  photons  per  molecule  are  very  nhotostahle  1  )V  laser  dyes^^.  While  the  photophysical  properties  of  the  isomeric 
benzo-bis-oxazoles  are  almost  identical  differences  can  be  noticed  in  their  laser  performance  rlata^^.  This  demonstrates 
that  besides  the  geometry  the  symmetry  of  a  molecule  can  also  have  a  large  effect  on  the  lasing  properties  of  a  potential 
laser  dye. 
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Abstract 

Synthesis  of  1 , 1 , 7 , 7-tetrainethyl-8-hydroxy julolidine  and  new  coumarin  dyes  derived 
therefrom  is  described.  The  new  synthesis  offers  advantages  in  ease  of  workup,  purification 
and  large  scale  preparation.  These  rt w  dyes  have  similar  spectral  properties  as  those  of 
the  old  coumarins.  Tested  by  excimer  laser,  Coumarin  102T  exhibits  slightly  better  lasing 
efficiency  than  C-102 . 


Coumarins  are  the  most  widely  used  organic  laser  dyes  for  the  blue-green  region  of  the 
visible  spectrum.  Eastman  Kodak  Company  manufactures  and  markets  a  large  number  of  coumarin 
derivatives.  Among  which,  the  most  interesting  from  the  standpoint  of  quantum  fluorescence 
efficiency  and  bathochromic  spectral  shifts  are  the  7- julolidylcoumarins  as  shown  in  the 
general  structure  1. 


1 


The  synthesis  of  these  julolidylcoumarins  is  depicted  in  Scheme  1.  The  most  critical 
step  in  the  entire  synthesis  is  the  preparation  of  8-hydroxy julolidine  which  was  formed  in 
about  30%  yield  by  relaxing  m-anisidine  with  excess  l-bromo-3-chloropropane . 1  In  large 
scale  preparation,  the  results  were  not  always  reproducible,  thus,  making  the  subsequent 
purification  difficult.  The  major  byproduct  from  this  reaction  has  been  identified  to  be 
the  8-methoxy j ulolidine  which  apparently  was  not  readily  demethylated  under  the  reaction 
condition.  Examination  of  the  mechanism  under  which  the  desired  product  is  formed  suggests 
that  the  bisalkylation  and  subsequent  cyclization  are  probably  favored  by  basic  or  near 
neutral  condition,  while  the  demethylation  to  eliminate  CH3X  is  favored  under  strong  acidic 
condition.  Therefore,  it  is  difficult  to  optimize  the  reaction  condition  to  favor  the 
formation  of  8-hydroxy julolidine  exclusively  since  the  reaction  turns  gradually  more  acidic 
as  more  HBr  and  HCl  evolve  as  reaction  progresses. 


Attempts  to  react  m-aminophenol  with  l-bromo-3-chloropropane  directly  failed  to  give  any 
desired  product,  presumably,  due  to  complications  from  competitive  0-alkylation. 

In  search  of  a  suitable  substitute  of  8-hydroxy julolidine  (2)  so  that  the  laser  dyes 
derived  from  it  would  have  similar  and  hopefully,  better  lasing  characteristics  as  those 
of  the  original  julolidylcoumarins,  we  have  designed  the  1 , 1 , 7 , 7-tetraraethy 1-8-hydroxy- 
julolidine  depicted  in  5  based  on  the  following  considerations:  (1),  To  reduce  the  cost 
of  large-scale  preparation,  it  is  desirable  to  start  with  m-aminophenol  which  is  about  five 
times  cheaper  than  m-anisidine;  (2),  To  facilitate  the  cyclization  process  during  the 
synthesis  of  the  julolidine  ring,  a  better  electrophile  is  required.  Based  on  our  previous 
work  involving  the  ring  closure  of  tetramethyl - 5 H ,  9H-quino [ 3 , 2 , 1-^] acridine^  in  acidic 
mediums,  tetramethyl  derivative  would  provide  a  more  stable  carbonium  ion  which  is  expected 
to  enhance  the  electrophilic  cyclization  under  acidic  conditions;  (3),  To  substitute  the 
1 , 1 , 7 , 7-benzy lie  hydrogens  with  methyl  groups  may  enhance  the  photo  stability  of  the  julo- 
lidy Icoumarin  dyes  as  benzylic  positions  are  often  susceptible  to  oxidation;  (4),  Molecular 
orbital  calculations  of  Coumarin  102  vs  Coumarin  102T  using  a  MOPAC  AMI  program^  show  only 
a  slight  increase  of  the  LUMO  level  from  -0.424  eV  (C-102)  to  -0.404  eV  (C-102T)  while  the 
HOMO  level  remains  the  same  at  about  -8.165  eV.  Most  HOMO  and  LUMO  coefficients  as  well  as 
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Scheme  1. 


Synthesis  of  Julolidylcoumarins 


R.CHjCOjEt 

Piperidine 


ZnCU 
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certain  key  bond  angles  and  bond  lengths  in  the  ground  states  of  both  Coumarin  102  and  102T 
are  similar.  The  major  perturbation  in  the  geometry  of  the  new  molecule  lies  in  the  bond 
angle  of  the  gem-dimethyl  substituted  carbon  near  C-5  which  is  reduced  to  83.4°  in  Coumarin 
102T,  while  the  other  tertiary  substituted  carbon  is  tetrahedral  which  is  around  110.7°. 

This  distortion  which  apparently  is  due  to  the  steric  compression  between  the  gem-dimethyl's 
and  the  peri-hydrogen  at  C-5  may  contribute  to  further  rigidize  the  julolidine  ring  system. 

The  synthesis  of  1 , 1 , 7 , 7-tetramethyl-8-hydroxy julolidine  is  outlined  in  Scheme  2. 

The  preparation  of  N , N-bis ( al ly 1 ) -m-hydroxyan iline  (3)  as  the  HCl  salt  proceed  in  44% 
yield.  While  the  yield  is  relatively  low,  the  material  is  readily  isolated  in  pure  form  by 
precipitation  from  DMF  with  water  and  an  isopropyl  ether  wash.  The  subsequent  cyclization 
in  methane  sulfonic  acid  proceeds  smoothly  in  67%  yield  and  is  isolated  in  pure  form  by 
precipitation  from  the  acid  with  water. 

In  order  to  facilitate  the  synthesis  of  the  salicylaldehyde  derivative  which  is  needed  for 
the  subsequent  coumarin  dye  synthesis,  the  aminium  salt  4  needs  to  be  deprotonated  in  a 
separate  step  which  is  effected  in  a  two-phase,  ethyl  acetate/aqueous  sodium  hydroxide 
system  in  94%  yield.  The  final  Vilsmoier  reaction  to  introduce  the  formyl  group  proceeds 
in  86%  yield.  Considering  the  ease  of  isolation  and  purification  involved  in  eaeii  the 
intermediates,  this  synthesis  is  highly  conducive  to  large-scale  preparation.  Overall 
yield  of  8-hydroxy-tetramethyl  julol  idine  from  m-aminophenol  is  28°>. 
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Scheme 


2.  Synthesis  of  8-Hydroxy-tetramethyljulolidine 


338T 

314T 

Coumarin  343T 
334T 
337T 


The  corresponding  tetramethyl ju1 cliuylcoumarin  derivatives  are  prepared  similarly  as 
depicted  in  Scheme  1.  Their  code  names,  absorption  maxima,  extinction  coefficients, 
excitation  and  fluorescence  maxima  (all  measured  in  EtOH)  as  well  as  the  corresponding 
fluorescence  quantum  efficiencies  are  compared  in  Table  1.  For  comparison  purposes,  the 
same  code  names  are  used  for  both  julolidylcoumarins  with  identical  substituents  R2  and 
R2 »  except  that  the  tetramethyl  derivatives  will  boar  a  suffix  T.  As  in  the  unsub¬ 
stituted  case,  Coumarin  343T  was  prepared  from  Meldrum's  acid. 

In  general,  the  tetramethyl julolidylcoumarins  have  similar  (in  certain  cases,  they  are 
slightly  better)  fluorescence  quantum  efficiency  as  the  old  julolidylcoumarins.  The  dyes 
derived  from  8-hydroxy tetramethyl julol idine  are  slightly  more  soluble  in  both  polar  and 
non-polar  solvents.  This  solubility  difference  may  find  applications  where  high  solubility 
is  desirable,  such  as  EtOH  in  which  most  lasing  performance  data  are  measured. 


997 


Table  I.  Comparison  of  SF>ectral  Properties  Between  Tetramiethyljulolidyl 

and  (Judolidyl)coum^u'ins 


Abs 

Excit 

FI 

Ccxie 

R, 

Rz 

Xmax  (nm) 

G’xlO^ 

Imax  (nm) 

A  max  (nm) 

T]** 

C-102T 

H 

Me 

388 

2.14 

452 

464 

0.60 

(102) 

388 

2.19 

452 

464 

0.58 

C-338T 

COjBu-t 

H 

432 

4.24 

432 

476 

0.79 

(338) 

432 

4.28 

432 

476 

0.78 

C-314T 

COj  ET 

H 

434 

4,54 

430 

476 

0,79 

(314) 

434 

450 

43C 

486 

0.78 

C-343T 

COjH 

H 

442 

3.30 

426 

476 

0.52 

(343) 

445 

3,77 

426 

476 

0.50 

C-334T 

COMe 

H 

450 

4.60 

452 

494 

0.84 

(334) 

450 

4.51 

452 

494 

0.85 

C-337T 

CN 

H 

442 

4.18 

444 

486 

0.80 

(337) 

442 

4.33 

444 

486 

0.83 

(3-153T 

H 

420 

1.96 

430 

532 

0.50 

(153) 

422 

1.97 

430 

532 

0.48 

*C  -  Extinction  coefficient 
**T)  -  Fluorescence  Quantum  Yield 


The  lasing  characteristics  of  these  new  tetramethyl julolidylcoumarins  under  excimer 
laser  (XeCl)  excitation  at  308  nm'^  and  certain  improved  lifetime  results  under  flashlamp 
pumped  lasing  conditionu^  will  be  published  elsewhere®.  In  these  lasing  measurements,  a 
significant  effort  was  devoted  to  ensure  that  dye  lasing  characteristics  were  assessed 
under  identical  experimental  conditions.®  Narrow-linewidth  performance  of  C-1C2T  was 
assessed  using  the  multiple-prism  Littrow  oscillators  developed  by  Duarte  and  Piper. 
Here,  5%  conversion  efficiency  was  obtained  at  a  linewidth  ca.  1  GHz  at  FWKM. 


References 


1.  Z.  Valenta,  P.  Deslongchamps ,  R.  A.  Ellison,  and  K.  Wiesner,  J.  Amer.  Chem.  ''oc . ,  86 , 
2533  (1964). 

2.  J.  L.  Fox,  C.  H.  Chen,  and  J.  F.  Stenberg,  Org.  Proc.  Prep.  Internal.,  169  (1985). 

3.  M.  S.  J.  Dewar,  E.  G.  Zoebisch,  E.  F.  Healy,  J.  J.  P.  Stewart,  J.  Amer.  Chem.  Soc . , 

107,  3902  (1985). 

4.  F.  J.  Duarte,  C.  H.  Chen,  and  J.  L.  Fox,  presented  at  the  International  Conference  on 
Lasers  '87,  Lake  Tahoe  (1987),  paper  HO. 7. 

5.  J.  J.  Ehrlich,  S.  D.  Russell,  S.  Patterson,  presented  at  the  International  Conference 

on  Lasers  '87,  Lake  Tahoe  (1987),  paper  TH.7. 

6.  C.  H.  Chen,  J.  L.  Fox,  F.  J.  Duarte  and  J.  J.  Ehrlich,  Applied  Optics,  ZJ,  February 

issue  (1988) . 

7.  F.  J.  Duarte  and  J.  A.  Piper,  Opt.  Commun .  3^,  100  (1980). 

8.  F.  J.  Duarte  and  J.  A.  Piper,  Appl .  Opt.  1391  (1984). 


998 


DYE  CHROMOPHORES:  TO  EASE  OR  NOT  TO  EASE 

James  H.  Bentley 
U.S.  Army  Missile  Command 
Directed  Energy  Directorate 
Redstone  Arsenal,  AL  35898-5245 

Abstract 

Lasing  dyes  form  a  gain  medium  possessing  nanosecond  fluorescence  lifetimes,  a  large 
homogeneous  nature,  and  extreme  tunability.  Low  electrical  efficiency,  exacerbated  by 
facile  intersystem  crossing,  places  strong  constraints  on  the  organic  structures  used  for 
dye  lasers. 

Introduction 

When  dyes  were  first  observed  to  lase,  one  of  the  first  things  done  was  to  thumb  through 
the  chemical  catalogs  for  dyes  to  see  which  could  be  made  to  lase.  There  were  lots  of  dyes 
available.  Euphoria  soon  turned  to  disillusionment,  followed  rapidly  by  panic  and  punish¬ 
ment  of  the  innocent  who  were  brash  enough  to  predict  great,  huge,  and  wonderful  varities 
of  lasing  dyes  for  laser  scientists.  We  are  now  in  the  formative  stages  of  a  definition  of 
the  problem,  with  which  we  are  having  quite  a  struggle. 

During  the  disillusionment  phase  we  discovered  that  the  great  majority  of  clothes  dyes 
don't  lase;  and  many  more  that  did  lase  didn't  do  it  very  well.  Somewhere  in  the  disillu¬ 
sionment  or  panic  phases  we  discovered  that  the  triplet  state  is  absolutely  ubiquitous. 

That  is  if  we  kept  the  laser  pulse  going  long  enough,  the  triplet  state  population  would 
grow  to  the  point  that  triplet  absorption  losses  were  terrible  no  matter  the  dye.  Now  this 
is  not  to  say  that  laser  pulses  cannot  be  stretched  to  many  microseconds.  They  can,  with 
the  use  of  low  kg^  dyes  and  triplet  state  "quenchers",  but  at  greatly  reduced  lasing  levels 
generally . 


Background 


A  typical  molecular  energy  state  diagram.  Fig.  1,  shows  the  time  scale  of  the  photophys¬ 
ical  interaction  of  organic  molecules  with  electromagnetic  radiation.  The  times  of  excita¬ 
tion  and  deexcitation  are  generally  typical,  although  certain  times,  such  as  the  singlet/ 
triplet  or  triplet/singlet  intersystem  crossing  lifetimes,  may  vary  considerably.  These 
lifetimes  correlate  to  their  respective  rate  constants  kg^  and 

The  fastest  time  is  a  photonic  absorption,  which  corresponds  to  the  time  it  takes  a 


photon  traveling  at  the  speed  of  light  in  the 

I  I 

I  I 

S,  Tj 

I  I 

I  I 


Fig.  1.  Jablonski  Diagram:  Principal  Pnoto- 
physical  Processes  in  Laser  Dyes 


medium  to  traverse  the  special  extent  of  a 
typical  dye  molecule.  If  one  assumes  that  a 
photon  of  a  well  defined  wavelength  is  perhaps 
a  couple  of  wavelengths  long,  then  it 
takes  a  photon  traveling  at  a  velocity  of  say 
2  X  10^®  Angstroms  per  second  about  10“^^  sec¬ 
onds  to  traverse  a  point.  If  a  molecule  is 
located  at  that  point  and  possesses  a  possible 
resonance  for  the  photon  wavelength,  then  ab¬ 
sorption  can  occur.  Looking  at  it  another 
way,  if  a  Bohr  orbital  electron  is  assumed  to 
move  at  about  10^6  Angstroms/second,  then  it 
can  traverse  a  distance  of  10  Angstroms  in 
that  same  10”^^  second.  ^  One  to 

1. )  HIGH  EPSILON 

2. )  SMALL  krt 

3. )  LARGE  SERVICE  LIFETIME 

4. )  LONGER  SINGLET  (  S<  )  LIFETIME 

5. )  SHORTER  TRIPLET  (  Ti  )  LIFETIME 

6. )  MINIMIZED  S*  AND  Tx  MANIFOLD 

ABSORPTION  FOR  LASER  LINE 

Fig.  2.  Some  Uesiranle  Dye  Characteristics 
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ten  Angstroms  is  the  order  of  the  dipole  size  for  a  typical  laser  dye  molecule. 

The  slowest  times  are  the  intersystem  crossing  times,  in  which  case  an  electron  must 
perform  a  spin  flip,  a  zeroth  order  forbidden  transition.  These  times  vary  enormously  from 
10“8  seconds  to  perhaps  30  seconds  of  natural  lifetime.  The  single  interaction,  which  for 
the  most  part,  determines  these  lifetimes  is  a  magnetic  vector  field  couple,  occurring  in 
such  a  fashion  so  that  a  torque  may  be  applied  to  the  electron  through  its  magnetic  spin 
vector.  This  event  requires  a  magnetic  field  varying  spatially  (or  temporally)  in  the  order 
of  the  size  of  the  electron's  own  spin  magnetic  field. 

Whether  deexcitation  occurs  via  fluorescence  (  10“^  sec)  or  phosphorescence  (  10”^  sec) 
there  exists  plenty  of  time  for  nuclear  molecular  motion  to  occur.  This  means  that  excited 
state  dye  molecules  may  change  their  physical  shapes  greatly,  considering  that  nuclear 
motion  single  events  are  in  the  order  of  10“13  to  10”l2geconds .  This  also  allows  time  for 
solvent  molecule  re-orientation  corresponding  to  dye  molecule  shape  changes,  implying  that 
solvent  indeed  may  be  important  to  laser  dye  performance.  This  phenomenon  is,  of  course, 
already  well  Icnown. 


Analysis 

To  truly  define  the  problem  of  laser  dyes,  one  needs  to  establish  a  successful  model  of 
a  dye  structure  based,  of  necessity,  on  the  proper  meshing  of  quantum  mechanics  (QM)  and 
observed  data.  Observed  data  alone  is  useful  but  inadequate.  QM  alone  is  impossible.  Even 
a  poor  predictive  model  can  point  directions  for  the  synthetic  organic  chemist.  This  can  be 
of  great  aid  considering  the  time  and  effort  synthesis  often  talces.  Any  model  should  con¬ 
sider  the  desired  characteristics  listed  in  Fig.  2. 

A  partial  list  of  specific  structural  contributors  to  the  above  requirements  are  found 
in  Figures  3  and  4.  These  restrictions  are  obviously  not  separately  independent,  the  aster¬ 
isked  items  being  exemplary. 

One  can  choose  to  build  a  rigid,  extended  chromophore  and  expect  considerable  self¬ 
absorption  for  a  laser  frequency  toward  the  intense  part  of  the  fluorescence  spectrum.  Or 
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one  can  choose  to  incorporate  rotation  within 
part  of  the  chromophore,  and  accept  the 
reduced  extinction  coefficient  that  results. 
This  is  seen  in  Figure  5. 

This  method  will  generally  yield  a  nice 
large  Stokes  shift  and  one  will  often  observe 
a  "natural"  laser  line  (broad  band  resonator) 
somewhere  close  to  the  fluorescence  maximum, 
as  indicated  in  Fig.  6. 

The  largest  pulse  energy  dyes  are  of  the 
former,  rigid  chromophore  type,  in  which 
advantage  is  taken  of  the  homogeneous  nature 
of  laser  dyes  to  "drain  energy",  so  to  speak, 
from  the  fluorescence  band  as  a  whole  into  a 
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laser  line  located  typically  far  out  on  the  long  wavelength  skirt  of  the  fluorescence  curve. 
One  would  like  to  predict  that  advantage  could  be  taken  of  both  extremes  of  structure  so 
that  a  small  amount  of  rotational  freedom  within  a  chromophore  could  increase  the  Stokes 
shift,  while  the  large  part  of  the  chromophore  was  rigid  with  the  corresponding  large 
extinction  coefficient.  Such  an  ideal  structure,  coupled  with  the  right  auxochromes  cou,.d 
yield  an  efficient,  high  energy  dye. 


300  NM.  350  400  450  500  550  600 
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Fig.  6.  Dye  Stokes  Shifts  vs  Wavelengths 
Absorption  and  Fluorescence  Spectra  (m  nm) 


Fig.  7.  Idealized  Homogeneous  Fluorescence  Lasing 


Now  some  mention  of  the  concept  of  homo¬ 
geneous  lasers  must  be  made  since  the  concept 
is  extremely  important  relative  to  how  much 
laser  line  energy  one  can  expect  to  extract 
from  a  given  laser  system.  As  illustrated  in 
Fig.  7,  if  a  laser  system  is  truly  perfectly 
homogeneous,  then  it  has  only  one  possible 
upper  laser  level  (tJLL)  and  the  probabilities 
for  spontaneous  radiative  deexcitation  to  any 
of  a  myriad  of  possible  lower  laser  levels 
(LLL)  are  equivalent.  This  means  that  all 
the  metastable  pump  energy  "stored"  in  the 
lasing  moiety  is  located  in  one  quintum  state 
(ULL)  and  that,  if  the  system  will  lase  at 
all,  this  total  amount  of  energy  can  be  lased 
out  of  the  gain  medium  in  one  "line"  that  has 
a  radiative  decay  to  a  single  LLL.  Reality 
is  never  as  clean  as  the  ideal,  of  course. 

One  can  think  of  several  ways  to  tune  a 
laser,  such  as  intracavity  Fabry-Perot 
etalons,  wavelength  selective  mirrors,  prism 
assemblies,  reflective  refraction  gratings,  or 
combinations  of  each  of  these.  One  can  spec¬ 
ifically  choose  a  laser  line  (and  thus  a  LLL) 
or  allow  a  spectrally  unbiased  optical  system 
to  choose  its  own  line  at  which  to  establish 
maximum  positive  gain  for  stimulated  emission. 
The  latter  case  will  result,  in  the  case  of 
dye  lasers,  in  a  laser  line  of  say,  25-35 
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Fig.  8.  Homogeneous  Nature  of  Rhodamine 
Dyes  Fluorescence  Spectra  (in  nm ) 
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Angstroms  FWHM,  demonstrating  that  while  the  dye  laser  is  not  a  naturally  perfect  homogen¬ 
eous  laser,  it  nevertheles  is  a  good  approximation. 

Another  way  of  viewing  this  phenomenon  is  that  for  a  perfectly  homogeneous  laser,  all  the 
possible  DLL  energy  can  be  lased  out  of  the  system  at  any  wavelength,  under  the  fluorescence 
curve,  that  also  has  a  system  optical  gain  greater  than  one. 

This  is  demonstrated  nicely  by  Rhodamine  6G  and  Sulforhodamine  640  in  Fig.  8.  The  fact 
that  superior  dye  laser  action  is  obtained  from  these  dyes  from  the  long  wavelength  skirt  of 
the  fluorescence  curve  is  an  indication  of  a  well  developed  homogeneous  nature  to  dye 
lasers.  This  is  perhaps  very  fortunate  for  dye  laser  users  since  the  self-absorption  of 
singlet  state  manifolds  for  greatly  rigidized  structures  is  evidently  quite  large  under  most 
of  the  fluorescence  curve. 

It  is  one  thing  for  a  synthetic  organic  chemist  (our  molecular  architect)  to  consider 
ways  to  provide  molecules  with  high  extinction  coefficients  and  large  fluorescent  efficien¬ 
cies;  it  is  another  matter  to  selectively  shape  a  fluorescence  curve  to  order. 

Things  may  not  be  hopeless  however,  in  that  certain  work  by  George  Bird  (Rutgers  Univer¬ 
sity)  indicates  the  possibility  of  enhancing  the  long  wavelength  skirt  of  the  long  wave¬ 
length  peak  of  the  fluorescence  curve,  while  sacrificing  the  peak's  maximum  fluorescence 
intensity. 6  if  this  "red  enhancement"  can  be  done  without  shifting  singlet  absorption 
along  also,  lasing  might  be  improved  considerably  for  chromophores  with  rigid  structures  and 
the  corresponding  high  extinction  coefficients. 

Conclusions 


Triplet  state  absorption  is  extremely  important  to  laser  dye  performance;  so  much  so, 
that  a  dye  with  an  extinction  coefficient  of  only  about  6000  can  be  made  to  lase,  when 
triplet  absorption  is  apparently  not  a  problem. ^  While  it  is  evident  that  certain  struc¬ 
tural  moieties  and  certain  functional  groups  are  quite  efficient  in  generating  triplet 
states  in  dye  molecules,  it  is  not  evident  that  all  auxochromes  do  not  generate  triplets  at 
some  rate  or  other.  Neither  is  it  apparent  that  any  laser  dye  molecule  can  be  made  "triplet 
proof",  so  to  speak,  so  that  efficient  lasing  is  terminated  solely  by  means  of  thermal 
considerations.  The  difficulty  does  lie  in  the  lack  of  adequate  modeling.  Inadequate 
modeling  in  turn  lies  not  only  in  the  predictive  problems  for  any  particular  series  of  dye 
structures  such  as  simple  paraphenylenes ,  but  in  the  fact  that  lasing  moieties  such  as  bi- 
manes^  exist  at  all.  Who  would  have  predicted  a  laser  from  a  bimane  type  structure?  And 
how  many  different  molecular  organic  structures  are  there  that  might  lase,  which  structures 
might  be  as  different  from  the  bimanes  as  the  bimanes  are  different  from  oxazoles? 

Any  theory  which  hopes  to  treat  new  and  better  dyes  must  be  able  to  deal  with  greatly 
disparate  molecular  structures;  and  any  model  which  hopes  to  predict  new  individual  struc¬ 
tures  must  be  able  to  deal  effectively  with  the  manner  in  which  dye  structures  delocalize 
and  stabilize  electron  density.®  To  use  an  analogy,  it  appears  that  a  good  laser  dye  should 
be  able  to  resonate  with  electromagnetic  energy  in  the  same  manner  as  a  bell  or  tuning  fork 
resonates  with  mechanical  energy.  Can  we  learn  something  from  the  bell  analogy  and  are  our 
molecular  architects  up  to  the  task  of  assembling  such  structures?  This  investigator  feels 
that  the  greatest  gain  for  future  laser  dyes  will  come  with  considerably  rigid,  (but  not 
totally  rigid)  chromophores,  with  highly  charge-dispersed  push-pull  mechanisms,®  in  a 
lasing  system  that  enhances  the  natural  homogeneous  nature  of  the  dye  fluorophore. 

Such  requirements  may  be  applied  to  conventional  or  new  and  unusual  structures,  utilizing 
perhaps  new  and  unusual  atomic  elements.  The  illuminating  factor,  ultimately,  will  always 
be  how  the  electrons  arrange  over  the  changing  molecular  shape. 
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Abstract:  Irradiation  of  7-dimethylamino-4-methylcoumarin  in  aerobic  ethanol 

solution  with  the  partially  focused  output  of  a  xenon  chloride  excimer 
laser  at  308  nm  resulted  in  the  formation  of  yellow  oligomeric  material 
derived  from  the  ethanol  solvent.  The  efficiency  of  formation  of  the 
yellow  material  was  dependent  on  the  intensity  of  the  excimer  laser 
excitation.  The  oligomers  are  proposed  to  interfere  with  dye  stimulated 
emission,  and  their  formation  is  proposed  to  be  initiated  by  sequential 
two-photon  dye  absorption  followed  by  energy  transfer  to  solvent. 

DABCO,  1 , 4-diazabicyclo [ 2 . 2 . 2] octane ,  suppressed  the  formation  of 
oligomers  and, consequently ,  is  useful  for  prolonging  the  lifetime  of 
coumarin  and  other  dyes  in  excimer,  nitrogen,  and  Nd:YAG  laser  pumped 
dye  lasers. 


Aminocoumarin  dyes  such  as  7-dimethylamino-4-methylcoumarin  (1,  Coumarin  311)  and 
7-diethylamino-4-methylcoumarin  (2,  Coumarin  460)  have  been  used  extensively  in  dye  lasers 
to  produce  tuneable  light  in  the  blue  green  region.  A  shortcoming  of  this  class  of  dyes 
has  been  photoreactivity  leading  to  the  production  of  material  absorbing  at  the  fluores¬ 
cence  wavelength  of  the  dye  and  consequently,  interfering  with  stimulated  emission.  A 
photoproduct  absorbing  in  the  region  of  460  nm  v.’hich  was  identified  earlier  by  Winters  and 
co-workers  from  irradiation  of  Coumarin  460  is  7-diethylamino-4-carboxycoumarin  (3)  .  Our 
investigations  and  those  of  others  have  revealed  several  photochemical  processes  of  the 
aminocoumarins  which  destroy  the  dyes. 2-5  These  are  formation  of  dye  radicals  in  bimole- 
cular  processes  and  reaction  of  the  dye  radicals,  dye  triplet  sensitization  of  singlet 
oxygen  formation  and  subsequent  dye  oxidation  by  singlet  oxygen,  and  reaction  of  dye 
excited  states  with  triplet  oxygen.  Possibly  the  formation  of  3  results  from  the  latter 
process.  None  of  these  processes  accounts  for  the  rapid  formation  of  photoproducts  absorb¬ 
ing  the  region  of  460  nm  from  XeCl  excimer  laser  pumping  of  aerobic  solutions  of  amino¬ 
coumarin  dye  in  dye  lasers. 

We  have  recently  observed  that  the  efficiency  of  formation  of  products  which  inter¬ 
fere  with  stimulated  emission  from  XeCl  excimer  laser  excitation  is  a  function  of  the 
degree  of  focusing  of  the  XeCl  excitation  beam.^  Higher  optical  density  was  achieved  with 
more  focusing.  Chromatographic  separation  of  the  higher  molecular  weight  products  from 
irradiation  of  an  aerobic,  5  x  10"3  m,  ethanol  solution  of  Coumarin  311  afforded  recovered 
coumarin  in  high  yield,  a  small  quantity  of  solvent  adduct  (7-N- (2-hydroxypropyl) -N- 
methylamino-4-methylcoumarin) ,  and  a  yellow  oil.  Gaseous  products,  predominantly  hydrogen 
and  butane,  were  also  formed  as  well  as  acetaldehyde.  Spectroscopic  and  combustion  analy¬ 
ses  of  the  yellow  oil  indicated  that  it  resulted  from  oxidative  oligomerization  of  the 
solvent.  Analogous  results  were  obtained  when  Coumarin  311  was  similarly  irradiated  in 
aerobic  methanol.  With  benzene  as  the  solvent,  a  black  insoluble  benzene  polymer  was 
rapidly  formed. 

The  yellow  oil  from  partially  focused  XeCl  excimer  laser  excitation  of  the  amino¬ 
coumarin  laser  dyes  in  ethanol  or  methanol  solvent  absorbs  in  the  region  of  460  nm.  Since 
this  is  the  predominant  material  formed  absorbing  in  this  region,  we  have  proposed  that 
the  mixture  of  oxidized  solvent  oligomers  is  the  material  which  interferes  with  stimulated 
emission  in  excimer  laser  pumped  coumarin  dye  lasers. 

The  dye  sensitized  solvent  oligomerization  bears  some  resemblance  to  the  photochemis¬ 
try  observed  from  vacuum  UV  excitation  of  the  respective  solvents . 2 - 10  Consequently,  we 
have  proposed  that  the  photochemistry  in  the  dye  laser  results  from  upper  dye  excited  state 
sensitization  of  the  solvent  followed  by  solvent  C-H  and  C-0  bond  homolyses.^  Oligomers 
result  from  radical  combination  reactions  and  subsequent  radical  oxidations.  The  upper  dye 
state  is  probably  a  triplet  state  resulting  from  absorption  of  a  second  photon  by  the  first 
triplet  state  or  energy  transfer  from  a  first  excited  dye  singlet  state  to  a  first  excited 
dye  triplet  state.  The  difference  in  the  solvent  photochemistry  from  that  upon  vacuum  UV 
excitation  possibly  stems  from  the  proposed  difference  in  solvent  excited  state  multi¬ 
plicity,  the  concentration  of  radicals  produced,  and  the  presence  of  oxygen.  Energy  trans¬ 
fer  from  an  upper  triplet  state  of  triphenylene  to  solvent  has  been  implicated  in  the  forma¬ 
tion  of  a  triphenylene  solvent  adduct.*^ 


1003 


Earlier  we  noted  that  DABCO,  1 , 4-diazabicYclo [ 2 . 2 . 2 ] octane ,  could  be  used  to  extend 
the  useful  lifetime  of  a  variety  of  laser  dyes  in  several  types  of  dye  lasers,  especially 
excimer,  nitrogen  and  Nd:YAG  pumped  dye  lasers.  12  its  presence  in  aerobic  solutions  of 
the  dyes  inhibited  formation  of  products  absorbing  at  the  fluorescence  wavelengths  of  the 
dyes.  We  have  now  observed  that  DABCO  inhibits  the  formation  of  the  yellow  solvent  oli¬ 
gomers  possibly  by  serving  as  an  electron  transfer  triplet  quencher  and  as  a  free  radical 
scavenger . 
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Abstract 


The  effects  of  environment  can  significantly  affect  the  performance  of  laser  dyes.  The  addition  of  viscosity 
modifiers  and  detergents  and  control  of  the  coolant-dye  solution  temperature  differential  (delta)  of  flashlamp 
pumped  dyes  all  have  individual  effects  which  are  not  totally  independent  of  one  another.  Several  viscosity 
modifiers  were  investigated  with  the  goals  of  increasing  the  temperature  differential  range  (FWHM)  and  reducing 
the  optical  distortion  effects  of  thermal  transients  on  a  dye  solution  when  lased  in  a  static  condition.  At  an 
established  viscosity  range,  all  viscosity  modifiers  reduced  the  lasing  output.  This  effect  was  investigated  by 
measurement  of  the  fluorescence  quantum  yield  of  rhodamine  6G  in  various  concentrations  of  the  viscosity  modifier 
Klucel  H  in  a  water-alcohol  solvent.  The  quantum  yield  appeared  to  go  through  a  maximum  and  fall  sharply  as  the 
concentration  of  Klucel  H  was  increased.  Sodium  dodecylsulfate  added  to  water  solutions  of  certain  pyridinium 
oxazole  salts  was  found  to  increase  the  lasing  output  by  factors  of  two  to  greater  than  ten.  Operating  at  the 
optimum  temperature  differential  between  coolant  and  dye  solution  can  improve  the  output  by  factors  of  two  to  five. 
We  note  a  synergistic  effect  on  rhodamine  6G  using  both  a  detergent  and  viscosity  modifier  to  increase  the 
temperature  differential  range  to  1. 1°C. 


Introduction 

For  a  number  of  years  this  laboratory  has  been  engaged  in  the  study  of  factors  that  affect  the  output  and 
lifetime  of  flashlamp  pumped  dye  iaser:-  '  This  work  continues  our  efforts  to  develop  long  lifetime,  high  output 
dye  laser  systems  that  can  be  field  qualified.  The  effects  of  three  parameters  on  several  pyridinium  oxazole  salts 
and  rhodamine  6G  have  been  investigated  with  two  goals  in  mind;  (1)  to  find  the  optimum  system  among  some  very 
good  dyes  we  have  recently  evaluated;*^  and  (2)  to  find  conditions  that  would  broaden  the  temperature  differential 
range  of  a  dye,  where  the  temperature  differential  is  defined  as  the  coolant  temperature  minus  the  dye  solution 
temperature  in  a  flowing  dye  laser  system.  We  have  looked  at  the  effects  of  poly  (ethylene  oxide), 
poly(vinylpyrrolidone),  and  several  cellulosic  viscosity  modifiers.  In  general,  increased  viscosity  reduced  the 
lasing  output.  We  chose  three  detergents,  all  well-known,  that  have  been  reported  to  increase  the  lasing  output  of 
certain  organic  dyes. 20  These  three,  ammonyx  LO,  triton  X-100,  and  sodium  dodecyl  sulfate  (SDS),  are  quite 
different  chemically  and  one  might  reasonably  predict  the  outcome  when  they  are  added  to  organic  dyes  that  are 
themselves  salts.  Only  SDS  gave  significant  increases  in  output  but  not  in  all  cases.  We  also  wish  to  emphasize, 
in  flowing  dye  systems,  that  the  coolant  dye  temperature  differential  is  an  important  experimental  parameter  and 
needs  to  be  determined  for  each  dye  system.  We  have  now  observed  a  temperature  differential  range  in  excess  of 
+  1.0“C.  With  the  dye  systems  studied,  we  have  observed  no  negative  deltas.  The  coolant  is  always  warmer  for 
maximum  output. 


Experimental 

Our  dye  laser  system  is  a  Phase  R  DLIOY  laser  head  in  a  triaxial  configuration.  The  cavity  has  a  100% 
reflector  wide  band  rear  mirror  and  for  these  tests  used  a  50%  output  coupler.  Temperatures  of  coolant  and  dye 
solution  can  be  controlled  to  0.01°C  as  previously  described.  *2  Quantum  yield  measurements  were  made  using  a 
Spex  F  222  fluorometer.  For  the  latter  measurement,  the  dye  solution  absorbance  was  <  0.014  resulting  in  dye 
concentrations  in  the  10'^  M  range.  Concentrations  of  dyes  in  the  dye  laser  were  2  x  lO"'^  M.  Viscosities  were 
measured  using  a  Brookfield  digital  readout  viscometer. 


Viscosity  Effects 

We  chose  a  viscosity  range  of  1  to  5  poise  to  minimize  the  effects  of  thermal  flux  on  the  dye  solution.  For 
the  viscosity  studies,  the  laser  was  fired  under  two  conditions,  dye  static  and  both  dye  and  coolant  static.  In  order 
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to  avoid  absorption  effects  as  much  as  possible,  we  set  a  limit  of  <  1%  by  weight  viscosity  modifier.  We  also 
required  that  the  viscosity  modifier  be  shear  stable  and  pseudo  plastic.  Of  the  eleven  viscosity  modifiers  evaluated, 
five  were  chosen  for  study.  These  were  Klucel  H  [a  (hydroxypropyl  cellulose)],  hydroxyethyl  cellulose  methocel 
A  (a  hydroxymethyl-co-hydroxypropyl  cellulose),  polyox  [poly(ethylene  oxide)],  and  poly(vinylpyrrolidone).  All 
but  polyox  met  our  criteria.  Polyox,  a  shear  sensitive  polymer,  was  chosen  to  study  the  effect  of  shear  stability. 
The  first  three  listed  form  essentially  a  homologous  series.  In  the  viscosity  range  chosen,  all  modifiers  reduced  the 
lasing  output  compared  to  the  same  dye-solvent  system  without  modifier.  As  the  concentration  of  viscosity 
modifier  is  increased,  the  temperature  differential  range  does  increase  but  the  increase  at  best  can  only  be  described 
as  modest.  Figures  1  and  2  show  the  effect  of  Klucel  H  on  rhodamine  6G. 
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FIGURE'!.  RH590  Cl  +  0.5%  Klucel  H  in 
EtOH/H20,  Coolant  Varied,  35  J  Input,  Max 
Output  =  32.45  mJ. 


FIGURE  2.  RH590  Cl  -i-  0.3%  Klucel  H  in 
EtOH/H20,  Coolant  Varied,  35  J  Input,  Max 
Output  =  40.93  mJ. 


In  order  to  more  fully  investigate  the  reduced  lasing  output,  we  determined  the  fluorescence  quantum  yield  of 
rhodamine  6G  in  various  concentrations  of  Klucel  H.  Klucel  H  was  chosen  because  it  had  the  least  effect  of  the 
modifiers  studied  on  the  lasing  output.  Table  1  gives  the  results  of  these  measurements.  The  last  two  entries  in  the 
table  are  our  measured  quantum  yields  for  the  pure  solvents.  It  would  appear  that  there  is  a  broad  maximum 
peaking  at  about  0.3%  Klucel  H;  however,  it  should  be  recognized  that  all  the  reported  quantum  yields  in  the  range 
0  to  0.4%  Klucel  H  are  within  the  experimental  error  of  one  another.  At  concentrations  greater  than  0.4% 
Klucel  H,  there  is  a  definite  fall  off  in  the  quantum  yield.  Unfortunately,  it  took  0.5%  Klucel  H  to  achieve  a 
viscosity  in  our  desired  range.  Again,  comparison  of  Figures  1  and  2  show  that  upon  lowering  the  Klucel  H 
concentration  to  0.3%  the  output  increased  by  25%.  Because  these  experiments  are  quite  time  consuming  we  have 
not  as  yet  tried  a  still  lower  concentration  of  Klucel  H  to  see  if  the  output  falls. 


TABLE  1 .  Fluorescence  Quantum  Yields  Of  Rhodamine  6G 
Perchlorate  In  EtOH/H20  +  Klucel  H. 


%  Klucel  H 

Q 

%Klucel  H 

Q 

0.0 

0.86 

0.5 

0.81 

0.1 

0.87 

0.7 

0.76 

0.2 

0.89 

1.0 

0.58 

0.3 

0.90 

EtOH 

0.95 

0.4 

0.89 

H2O 

0.82 

Detergent  Effects 

It  has  been  known  for  some  time  that  in  highly  polar  solvents  (essentially  water)  that  certain  detergents  can 
increase  the  lasing  output  of  particular  dye  classes.  The  detergent  effect  is  ascribed  to  the  breakup  of  dye  dimers, 
trimers,  etc.,  that  form  in  highly  polar  solvents  due  to  micelle  formation  of  the  detergent  where  a  dye  molecule 
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becomes  associated  with  a  micelle.  Depending  upon  the  hydrophobic,  hydrophilic,  and/or  ionic  properties  of  both 
dye  and  detergent  micelle,  the  dye  molecule  can  be  inside  or  outside  of  the  micelle.  Each  micelle,  as  a  rule  of 
thumb,  may  have  25  to  50  molecules  of  detergent.  However,  Chang  and  Kaler^l  determined  the  molecular  weight 
of  the  SDS  micelle  in  water  and  deuterium  oxide.  From  their  results  the  number  of  SDS  molecules  per  micelle  in 
water  is  about  100.  We  investigated  the  effect  of  SDS  on  rhodamine  6G  from  mole  ratios  of  less  than  10:1  to 
600:1.  Initially,  as  SDS  is  added  to  rhodamine  6G,  the  solution  turns  purple  and  lasing  is  quenched.  A  plot  of 
output  versus  SDS  mole  ratio  shows  an  initial  sharp  \drop  in  output  followed  by  significant  increases  in  output  up 
to  a  mole  ratio  of  about  100:1.  With  increase  in  the  mole  ratio,  the  curve  reaches  a  maximum  in  output  then 
gradually  decreases  by  less  than  10%  at  mole  ratios  exceeding  600:1.  The  value,  1.2%  SDS,  was  chosen  as  being 
well  into  the  plateau  and  corresponds  to  a  mole  ratio  of  about  400:1. 

Figure  3  shows  the  structure  of  the  five  dyes  tested.  The  nomenclature  follows  our  recent  paper.  Ox  12 
had  the  highest  output  (and  short  lifetime)  of  any  pyridinium  oxazole  dye  we  have  tested  to  date.  Ox  15  has  a 
reduced  output  but  a  lifetime  rivaling  that  of  Ox  2.  Ox  26  was  not  reported  previously.  This  dye  was  made  and 
tested  because  of  some  evidence  that  alkyl  substitution  in  the  4  position  on  the  oxazole  ring  while  reducing  lifetime 
would  increase  output.  Under  our  present  test  conditions.  Ox  26  was  poorer  in  both  lifetime  and  output  than  Ox  2 
(unsubstituted  in  the  4  position  on  the  oxazole  ring),  which  is  the  longest  lived  moderate  output  dye  we  have  tested. 
Table  2  gives  the  lasing  parameters  of  three  of  the  pyridinium  oxazole  dyes  tested  plus  some  baseline  data  for 
comparison.  For  those  not  familiar  with  these  constants.  Table  3  gives  some  actual  output  energies  for  several 
energy  inj  *  values.  It  can  be  seen  that  SDS  increases  the  output  of  these  dye  systems  by  factors  of  2  to  >10.  Ox 
4  and  Ox  15  are  not  included  in  these  tables  because,  somewhat  surprisingly,  SDS  had  no  effect  on  these  two  dyes. 
Again  the  effect  of  SDS  on  the  value  of  the  FWHM  of  the  temperature  differential  range  can  only  be  described  as 
modest,  increasing  somewhat  as  SDS  is  added. 


TABLE  2.  Lasing  Data  With  SDS  In  Water. 


DYE 

r 

1000  K* 

t.  J 

1/C,  MJ/1 

FOM,  kJ/1 

Ox  2  -  air 

2.02 

24.9 

1,203.0 

2,430.0 

Ox  2  -  argon 

2.72 

23.8 

2,008.0 

5,461.0 

Ox  12  -  air 

2.39 

20.8 

19.68 

47.0 

Ox  12  -  argon 

2.82 

17.1 

44.40 

125.2 

Ox  26  -  air 

1.40 

24.2 

172.9 

242.0 

Ox  26  -  argon 

2.27 

23.5 

685.3 

1,555.0 

Ox  2  -  argon  -  no  SDS 

1.64 

33.9 

Ox  12  -  argon  -  no  SDS 

1.2 

43.2 

143.0 

172.0 

Ox  26  -  argon  -  no  SDS 

0.472 

48.9 

... 

RHO  6G  -  air  -  no  SDS 

1.05 

28.2 

♦K  is  the  slope  efficiency,  t  is  the  lasing  threshold,  1/C  is  the  lifetime,  FOM 
is  the  figure  of  merit. 


TABLE  3.  Comparison  Of  Lasing  Outputs,  mj. 


Input,  J 

SYSTEM 

i  40 

50 

.  1 

55 

60 

Ox  2/H20/air 

[■  "  1 

i  2.7 

1  6.0 

10.6 

15.4 

20.1 

Ox  2/H20/SDS/air 

i  29.2 

37.9 

48.1 

Ox  2/H20/Ar 

!  10.1 

18.2 

25.7 

36.9 

44.6 

Ox  2/H20/SDS/Ar 

1  40.4 

i  54.6 

Ox  XllHiOlfvt 

1 

2.7 

8,4 

13.6 

19.2 

Ox  12/H20/SDS/Ar 

40.3 
(-35  J) 

Ox  26/H20/air 

0.5 

2.8 

5.1 

Ox  26/H20/SDS/air 

19.8 

25.5 

32.8 

39.6 

45.4 

Ox  26/H20/Ar 

3.5 

V  1 

«.» .  i  1 

1  C 

'  6  8 

Ox  26/H20/SDS/Ar 

.35.6 

49.9  1 

1007 


The  other  two  detergents  are  non-ionic  or  strongly  basic  and  one  might  predict  they  should  have  no  effect  on 
the  pyridinium  oxazole  salts  tested.  This  was  essentially  true  for  triton  X-100.  In  the  case  of  amnionyx  LO  (lauryl 
dimethylamine  oxide)  quenching  or  reduced  output  was  observed  which  may  be  a  pH  effect  because  the  pH  of 
ammonyx  LO  is  high  (~1 1). 

l£II]£eratur£.Diff£renlial.Eff£ct 

We  first  reported  our  results  on  this  parameter  in  a  paper  presented  at  Lasers  '85.'^  At  that  time  we 
observed  values  of  A  =  -i-  0.2°C.  We  have  now  observed  values  of  A  >1.()°C.  Drake  and  Morse^^  first  reported 
an  analysis  of  a  coaxial  flashlamp  pumped  dye  laser  cavity  and  predicted  a  value  of  A  =  0.0.  Since  that  analysis, 
some  papers  have  set  the  limits  of  A  =  ±  0.05°C.23.24  fin(j  that  A  is  an  experimental  parameter  of  the  particular 
dye,  solvent-coolant  system  and  must  be  determined  for  each  case.  If  one  operates  within  the  FWHM  range,  the 
output  can  be  from  two  to  five  times  higher  than  values  outside  this  range.  Also,  we  note  that  on  the  dye  systems 
that  we  have  thus  far  tested  the  value  of  A  has  always  been  positive,  i.e.,  the  "coolant”  is  always  warmer  than  the 
dye  -  which  makes  sense  theoretically.  in  Figure  4  we  present  an  interesting  result.  We  had  tested  rhodamine  6G 
in  the  polyfhydroxyethyl  cellulose)  and  found  that  its  output  was  greatly  reduced.  At  this  point  we  added  SDS  to 
see  if  the  output  could  be  improved.  The  output  was  restored  to  that  of  rhodamine  6G  with  just  SDS.  The 
viscosity  was  reduced  by  a  factor  of  about  five.  However,  there  was  a  synergistic  effect  in  that  range  of  delta 
(FWHM  value)  increased  from  about  a  third  of  a  degree  to  1.1°C,  the  largest  value  so  far  observed.  Also,  delta 
itself  increased  to  over  1°C.  At  present  we  have  no  explanation  for  this  effect  of  both  viscosity  modifier  and 
detergent.  Increasing  the  value  of  delta  reduces  the  criticality  of  the  coolant  -  dye  solution  temperature  control. 
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FIGURE  3.  Dye  Structures  Investigated, 


FIGURE  4.  RH590  Cl  -t- 0.5%  QP-lOO  mH  + 
1.2%  SDS  in  H2O,  Coolant  Varied,  35J  Input,  Max 
Output  =  32.87  mJ. 
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ABSTRACT 


For  over  three  years,  sporatic  meetings  about  medical  applications  of  the  Free  Electron 
laser  have  occurred.  These  culminated  at  a  meeting  at  Los  Alamos  on  February  1,  1984.  At 
that  time,  more  formal  discussions  were  started  as  to  possible  medical  applications. 

These  have  produced  many  theories  and  lines  of  research.  At  Baylor,  we  plan  to  work  with 
the  school  of  engineering  of  Southern  Methodist  University.  They  will  do  the  material 
science  and  assist  us  in  medical  application.  It  seems  that  a  wide  variety  of  lasers  will 
be  available.  We  plan  to  explore  the  various  "windows"  in  the  electro  magnetic  spectrum 
to  endeavor  to  destroy  cancer  in  tissue  at  a  depth  beneath  the  skin.  Newer  fibers  will 
assist  in  delivery  of  laser  energy  into  remote  parts  of  the  body.  These  lasers  should  be 
more  powerful  and  allow  new  interactions  with  tissue  and  probably  better  and  deeper  pene¬ 
tration  when  sensitizing  dyes  have  been  used.  New  combinations  of  lasers  seems  feasible 
for  parenchymal  tumors.  New  vistas  will  be  explored  in  our  endeavor  to  cure  cancer. 
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I  would  ]iko  to  discuss  with  you  for  the  next  few  minutes  what  is  going  on  with  Free 
Electron  laser  in  medicine  and  what  we  project  for  the  future.  As  you  all  know,  none  of  us 
have  available  in  our  institutions,  a  Free  Electron  laser.  The  one  that  most  of  the  people 
that  I'll  *-tlk  about  today  have  been  using  is  the  one  at  Stanford  under  John  Madey,  which 
has  been  operational  for  many  months.  It  nas  been  used  primarily  in  the  range  of  about 
2.9  microns,  which  is  one  of  the  ideal  wavelenghts  for  its  use  in  medical  practice.  Now, 
actually,  the  whole  program  involves  more  than  just  medicine.  It  involves  biopiiysics,  DNA 
cellular  molecular  research,  materials  science  and,  of  course,  medicine. 

A  short  history  of  how  this  program  came  about  would  seem  important.  Back  in  I'182,  when 
the  second  meeting  of  American  Society  of  Lasers  in  Medicine  and  Surgery  was  to  be  held  at 
Hilton  Head,  Leon  Goldman  called  several  people  and  invited  us  to  meet  with  John  Madey  and 
Kent  Sokoloff.  Now,  you  know  that  you  can't  go  to  Hilton  Head  and  not  plai  golf,  just  as 
you  can't  come  out  here  and  not  ski.  So,  I  went  out  early  in  the  morning  with  my  wife  and 
we  played  golf  and  I  returned  in  time  to  see  John  Madey.  I  did  have  a  nice  talk  with  Kent 
Sokoloff  and  in  the  next  two  years,  there  have  been  many  visits  between  Dr.  Madey  and  our 
group.  These  were  very  productive.  In  February,  1984,  we  received  a  phone  call  asking  us 
to  go  to  Los  Alamos  with  a  group  to  talk  about  the  medical  applications  of  the  Free  Elec¬ 
tron  laser.  It  was  an  interesting  meeting  because  at  first,  they  invited  us  to  come  early 
in  the  week  and  then  told  us  that  we  could  only  come  for  one  day  because  we  did  not  have 
security  clearance.  After  a  brief  discussion  with  the  powers  that  be  the  evening  before 
our  performance,  we  let  theiri  know  that  we  had  secrets  also  that  we  did  not  want  to  jepo;  - 
dize  in  our  institution  and  things  became  smooth  after  that.  The  meeting,  actually  was 
very  productive.  In  April,  1984,  the  same  year,  we  got  another  phone  call  inviting  us  to 
go  with  the  group  to  Washington,  D.C.  to  see  what  we  could  do  as  far  as  legislation  for  the 
medical  applications  of  the  Free  Electron  laser.  The  first  meeting  was  v;ith  the  Adminis¬ 
trative  Assistant  of  the  Senate  Armed  Services  Committee,  where  we  each  presented  our 
little  dog  and  pony  show.  It  was  well  received.  In  fact,  this  fellow  said  that  he  would 
write  a  check  if  he  were  able  to  do  it.  At  any  rate,  he  was  very  helpful.  He  had  arranged 
meetings  with  several  other  people  that  he  thought  were  important  and  over  the  next  few 
months,  many  trips  were  made  to  Washington  with  many  visits  to  various  congressmen  or  their 
assistants,  and,  finally,  we  were  fortunate  to  get  into  the  Pentagon,  where  a  personal 
friend  was  the  Secretary  of  the  Combined  Chiefs  of  Staff.  He  arranged  some  very  important 
meetings.  By  November,  we  knew  that  there  would  be  a  line  item  in  the  Department  of 
Defense  bill  for  ten  million  dollars  a  year  for  a  period  of  five  years.  Originally,  this 
was  supposed  to  be  a  consortion  of  people  to  carry  on  related  research  in  the  program. 
Somehow  or  other,  this  got  waylaid.  At  any  rate,  there  was  a  final  appropriation  and  we 
were  fortunate  enough  to  be  in  the  group.  The  whole  idea  that  we  were  trying  to  stimulate 
war  that  there  would  be  centers,  geographically  distributed,  so  that  when  these  programs 
were  set  up,  there  would  be  a  free  access  by  accredited  people  to  do  the  research.  For 
example,  if  a  program  was  set  up  at  Baylor  in  Dallas,  this  would  serve  the  southwest.  At 
any  rate,  things  wer  going  along  and,  finally,  the  various  universities  and  hospitals  were 
into  the  program,  and,  again,  we  were  part  of  it. 

There  are  several  different  types  of  Free  Electron  lasers.  There  is  the  linac  at  Stan¬ 
ford,  number  one,  which  is  the  one  that  Dr.  Madey  has.  There  is  another  surer  conducting 
radio  frequency  linac  at  Stanford.  There  is  the  Van  DeGraff  generator  of  6  MEV  at  Univer¬ 
sity  of  California  at  Santa  Barbara.  There  is  a  Racetrack  Microtron  at  the  National  Bureau 
of  Standards,  and,  of  course,  Vanderbilt  hopes  to  soon  have  a  clone  of  Dr.  Madey's  laser. 
The  original  group  included  Baylor  University  Medical  Center  in  Dallas,  the  Massachusetts 
General  Ho'^pital  in  Boston,  Northwestern  University  in  Chicago,  the  University  of  Utah  at 
Salt  Lake  City,  Stanford  and  the  Lederman  General  Hospital  in  California.  These  institu¬ 
tions  are  still  in  the  program  and  it  is  interesting  that  there  are  several  programiS  of 
interest  going  on  at  each  one.  For  example,  Massachusetts  General  Hospital  is  woi.kii.g  on 
the  fragmentation  of  gallstones  and  kidney  stones,  femtosecond  optical  ranging,  photo¬ 
dynamic  therapy  using  two  photon  processes,  tissue  ablation  mechanisms  on  the  cornea  and 
the  lens  and  skin  grafts  and  burn  therapy,  spectroscopic  diagnosis  techniques  and  laser 
angioplasty.  All  of  these  are  being  treated  with  modalities  that  we  hope  to  obtain  when 
the  free  Electron  laser  is  available.  Now  at  Baylor  University  Medical  Center  in  Dallas, 
v;e  are  working  in  two  great  areas.  One  is  in  the  basic  research,  wk  > -'n  includes  the 
cellular  level,  the  tissue  level  and  the  molecular  level.  In  addition,  we  are  working  on 
infectious  diseases,  paracites,  fungi,  bacteria  and,  hopefully,  on  '' '  DS .  We  nave  been 
working  with  a  lot  of  organic  dyes,  and  at  the  moment,  are  working  witn  about  ten  of  thes'.?. 
Wc  have  models  for  micro  -.lermal  damage  and  UNA  inttrgrity.  Novr  this  has  allowed  us  to  get 
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together  a  group  of  scientists  in  the  basic  level  that  are  working  on  the  various  compo¬ 
nents  of  cells.  At  the  tissue  level,  there  is  also  thermal  modeling,  particularly  in  the 
mid  IR.  This  would  include  the  2.9,  which  is  now  available  at  Stanford,  but  also  on  the 
Hydrogen  Fluoride  laser.  It  has  been  used  primarily  in  skin,  muscle  and  liver  and  allows 
us  to  understand  both  micro  thermal  damage  and  damage  to  the  various  tissues.  We  have  also 
been  working  on  ablation  mechanisms,  using  histology  to  find  out  about  destruction  of  cells 
and,  recently,  we  have  working  with  dye  uptake  and  specificity.  'We  have  had  a  very  impor¬ 
tant  work  that  we  have  been  doing  on  animals  that  will  have  importance  for  bone  marrow 
transfusions  and  we  find  that  we  can  destroy  the  tumor  cells  in  the  bone  marrow  after  the 
bone  marrow  has  been  harvested.  Up  to  ninety-nine  percent  of  tumor  is  destroyed  and  less 
than  fifteen  percent  of  the  stimulating  cells  of  the  bone  marrow.  This  has  been  tried  in 
leukemia,  lymphoma  and  some  of  the  other  diseases  in  which  bone  marrow  is  stored.  The 
patient  gets  intensive  chemotherapy  or  irradiation  and  then  the  bone  marrow  is  returned  to 
the  patient.  Now,  our  clinical  v;ork  has  been  going  cn  for  fourteen  years,  starting  with 

the  CO^  laser  and,  finally,  into  some  of  the  other  lasers.  We  have  been  doing  liver  resec¬ 

tions  with  the  CO^  laser,  putting  on  the  T.  Y.  Lins  clamp  when  we  are  doing  right  hepatic 
lobectomies  or  tr isegmentectomies .  We  are  able  to  take  out  large  areas  of  liver  with  a 
minimal  loss  of  blood.  This  has  led  us  into  other  projects,  which  I  will  describe  a  little 
bit  later  on  where  we  combine  lasers  to  see  if  we  could  do  any  better  by  combining.  We 
first  combined  the  CO^  and  the  Argon  and  it  worked  pretty  good,  but  we  didn't  feel  that  it 

was  good  enough  to  use  clinically  and  used  it  only  in  animals.  The  Free  Electron  laser 

promises  us  that  in  the  future,  we  will  have  the  availability  of  more  than  one  wavelength 
simultaneous  and,  certainly,  the  CO^  with  the  YAG  or  with  the  Argon  or  with  other  wave¬ 
lengths  that  will  certainly  come  up  in  the  future,  are  very  promising. 

Another  field  that  we  have  worked  in  extensively  is  in  the  Photodynamic  Therapy  and  I 
would  just  like  to  mention  two  cases.  One  of  the  big  problems  we  have  with  Photodynamic 
Therapy  is  the  amount  of  penetration.  We  were  presented  with  a  lady  that  previously  had 
had  her  lesion  of  her  alveolus  excised  and  within  just  a  few  months,  showed  up  as  a  consult 
with  two  lesions  in  her  palate.  When  the  lesion  was  fluoresced,  it  showed  at  least  five 
distinct  lesions  so  we  treated  her  rather  vigorously,  giving  her  100  joules  of  energy  per 
centimeter  squared  and  the  lesion  faded  out.  I  wish  that  this  was  the  whole  story.  She 
has  developed  other  lesions  and  has  had  to  have  further  treatment.  Another  patient  came 
along  that  had  previously  had  a  cancer  of  the  larynx  and  came  in  with  a  new  cancer  fourteen 
years  later  on  the  posterior  third  of  the  tongue.  Being  he  was  in  poor  health,  being 
eighty-four  years  of  age  and  a  cardiac,  we  elected  to  try  irradiation.  The  irradiation  was 
like  giving  him  Vigoro  because  the  tumor  grew  rather  rapidly.  Wt  then  gave  him  hematopor- 
phyrin  and,  again,  I  used  100  joules  per  centimeter  squared  to  the  lesion.  To  our  amaze¬ 
ment,  this  lesion  which  was  five  centimeters  thick  and  over  five  centimeters  in  diameter, 
began  to  necrose  by  the  next  day.  The  following  week  it  showed  extensive  change,  and  the 
whole  area  of  tumor,  which  was  treated  the  second  time,  necrosed.  Unfortunately,  after  he 
went  home,  about  a  week  later,  he  had  a  heart  attack  and  died. 

Another  project  we  are  dealing  with  is  the  use  of  the  Trimedyne  laser  in  vascular 
occlusive  disease.  This  is  a  new  application  of  material  that  we  saw  at  the  meeting  of  the 
International  Laser  Society  in  Dallas  in  1977.  David  Auth  presented  the  combination  of  an 
Argon  laser  with  a  plastic  blade  to  get  hemostasis  while  he  in  surgery.  Certainly,  this  is 
a  very  exciting  field.  At  the  moment,  it  is  only  being  used  in  extremities  clinically,  but 
our  projects  are  going  on  to  try  to  use  it  in  the  coronary  vessels. 

Now,  I  would  like  to  go  over  some  of  the  other  areas  that  have  been  doing  work.  The 
group  at  Salt  Lake  City  has  been  going  ouo  to  Stanford  and  has  been  able  to  fracture  pig¬ 
mented  and  cholesterol  gallstones,  and  feel  that  there  is  definitely  a  tie  in  with  the 
! -acturing  or  removal  of  plaques,  as  well  as  these  stones.  They  have  also  been  working  on 
two  photon  therapy  and  photodynamic  therapy.  Recently,  I  know  that  Dr.  Strait  and  others 
have  been  out  doing  bone  cutting  with  the  laser  with  success.  Now  all  of  these  clinical 
proorams  that  are  being  done  with  the  Free  Electron  laser  at  Stanford,  are  being  done  under 
a  certain  handicao  because  the  beam,  at  the  moment,  is  a*"  one  spot  and  the  subject  has  to 
be  moved.  Seccjidly,  the  flexible  delivery  system  to  carrv  the  beam  has  not  been  installed 
as  yet . 

Now,  one  of  the  areas  of  research  that  is  going  on  in  many  institutions,  not  only  those 
which  are  affiliated  with  the  Free  Electron  laser,  but  around  the  world,  has  been  the  hunt 
for  new  dyes  for  Photodynamic  Therapy.  Some  of  the  ones  that  have  been  interesting  to  us 
are  Merocyanine  and  Carbocyanine .  But  there  are  many  others  that  have  been  used,  including 
the  rhodamins,  particular'/  Rhodamin  1,2,3,  which  will  bo  reported  on  later  in  this  meeting 
and  then  the  work  that  has  been  done  with  Pheophorbidea ,  which  has  been  used  both  with  the 
Nd : YAG  laser  for  excitation  and  for  hyperthermia.  there  is  a  lot  of  other  work  being  done 
on  new  dyes  that  are  felt  to  bo  confidential  and  I  could  not  secure  the  names  of  all  these 
dyes  . 

There  are  obviousl'/  some  characteristics  of  the  Free  Electron  laser  which  makes  it 
attractive  for  research.  The  broad  wavelength  selection  seems  to  be  available  from  the 
Free  Electron  laser.  It  is  tunable  through  the  spi'ctrum  and  has  high  peak  powei*  with  siiort 
duration  pulses  and  high  average  power.  These  combine  to  got  rid  of  some  problems  that  we 
have  with  some  of  our  conventional  lasers.  Now,  at  the  moment,  there  are  two  frequi'ntly 
used  lasers.  The  first  one  is  the  one  at  Stanford.  [t  is  in  the  near  infra-red  at  arounri 
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2.9  -  3.1  microns.  Also  at  U.C.  Santa  Barbara,  they  are  using  a  last'r  at  100  microns. 

Both  of  them  hope  that  in  the  near  future,  they  will  have  much  broader  work  in  the  infra¬ 
red  and  the  potential  in  the  entire  spectrum  all  the  way  tlov/n  to  the  ultraviolet  is  jire- 
dicted.  Exactly  the  extent  on  either  end  is  certainly  not  known.  There  is  some  very 
interesting  work  going  on  in  China  on  tumor  therapy  by  the  stimulation  of  the  immune  system 
with  ultraviolet  lasers.  This  is  to  be  discussed  at  our  meeting  in  Dallas  in  April  and  it 
seems  to  me  to  have  some  very  exciting  possibilities. 

While  the  challenge  seems  to  bo  that  if  we  can  get  much  higher  powers  with  our  laser. 


Now  this  is  not 


projects  that  we  are  very  interested  in 
muscle  and  bone,  will  be  t rave 
area  that  has  been  given  a  chromophore. 


we  can  got  a 
tumor  cells. 

our 

sciences . 


have  done  a  lot  of  work  on  coronaries,  but  the  percutaneous  applicat 
coronary  vessels  is  still  in  the  near  future.  One  of  the  areas  that 
first  became  involved  in  the  Free  Electron  laser  was  PET  imaging  anc 
field  of  great  interest  to  the  people  in  various  fields  of  medicine 

looking  to  see  that  developed  with  rapidity  once  the  laser  is  availi 

review  for  a  moment,  some  of  the  lasers.  The  original  linear  accel<i 
was  300  meters  long  and  would  take  a  pretty  good  size  room  to  house 

second,  at  Santa  Barbara,  the  entire  accelerator  was  fifty  feet  higl 

to  see  the  workings  at  Los  Alamos  and  these  fill  a  large  building, 
prototypes  that  were  developed  at  Stanford.  Certainly,  there  have  been  considerable 
changes.  They  are  using  a  43  MEV  linear  accelerator  and  we  all  hope  that  in  the  near 
future,  these  will  be  in  our  institutions.  I  want  to  thank  you  for  the  privilege  of  the 
f loor . 
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EFFECTS  OF  THE  Nd:YAG  LASER  ON  NORMAL  HUMAN 
FIBROBLAST  CULTURES  SENSITIZED  WITH  Q-SWITCH  II  DYE: 
STUDY  OF  A  NEW  FLUOROCHROME 


Dan  J.  Castro,  M.D;  Romaine  E.  Saxton,  Ph.D; 

Harold  R.  Fetterman,  Ph.D;  Donna  J.  Castro,  C.S.T;  Paul  H.  Ward,  M.D, 

From  the  Division  of  Head  and  Neck  Surgery  (Otolaryngology)  (DJC  and  PHW)  and  High  Frequency  High  Speed  Electronics 
Center  (HRF),  UCLA  School  of  Medicine,  Los  Angeles,  CA,  90024,  Division  of  Surgical  Oncology  (RES),  Veterans  Administration 
Medical  Center,  Sepulveda,  CA,  and  California  Paramedical  and  Technical  College  (DJC),  Long  Beach,  CA. 

Recipient  of  the  Lasers  '87  Award 

This  shidy  was  supported  by  VA  Medical  Research  Services,  the  Division  of  Head  and  Neck  Surgery  and  the  Jonsson  Cancer 

Center,  UCLA  School  of  Medicine. 

Abstract 

For  years,  the  development  of  effective  methods  for  control  of  scar  tissue  has  been  the  dream  of  many  scientists  around  the  world. 
Excessive  deposition  of  collagen  is  a  characteristic  feature  of  cutaneous  diseases  with  dermal  fibrosis,  such  as  keloids  and  hypertrophic 
scars,  and  no  effective  treatment  is  available  for  these  conditions.  Previous  observationsh2  have  suggested  that  the  Nd:Y  AG  laser  may 
offer  a  novel  mode  of  treatment  for  these  diseases.  In  recent  years,  photodynamic  therapy  with  lasers  has  regained  popularity, 
specifically  since  the  introduction  of  hematoporphyrin  derivatives  and  Rho^mine-123  as  chemosensitizing  agents  for  the  treatment  of 
superficial  malignancies.  The  search  for  a  fluorochrome-specific  for  the  Nd:YAG  laser  (near  infrared,  1060  nm),  has  led  us  to 
investigate  the  potentials  of  Kodak  Q-switch  II  Nd:YAG  dye  (absorption  maxima  at  1051  nm)  as  a  new  chemosensitizing  agent  on 
normal  human  fibroblast  cultures.  The  results  suggest  that  cells  sensitized  to  Q-switch  II  dye  are  more  sensitive  to  the  effects  of  the 
Nd:YAG  laser  as  compared  to  the  effects  of  the  laser  alone.  Significant  suppression  of  DNA  synthesis  was  observed  at  physiological 
temperatures  as  low  as  28-34  °C,  with  cell  death  at  36  °C.  This  new  technique  of  cell  targetting  with  Q-switch  II  dye  and  specific 
Nd:  YAG  laser  treatment  may  offer  real  advantages  for  the  treatment  of  keloids  of  hypertrophic  scars. 

Materials  and  Methods 


Nd:YAG  O-Switch  11  Dve 

Eastman  Q-switch  II  (Fig.  1)  8-(5-[2,4-Bis(4-pentyloxyphenyl)-6,7-dihydro-5H-l-benzopyran-8-yl)-2,4-pentadienycidene)-2,4 
bis(4-pentyloxyphenyl)-5,6,7,8-tetrahydro-l-benzopyrilium  Perchlorate  is  a  pyrilium  salt  shown  effective  as  an  automatic  Q-spoiler  for 
Nd-glass  lasers.  It  is  a  black  crystalline  solid  with  a  molecular  weight  of  1079.75.  The  solvent  of  choice  has  been  1 ,2-dichloroethane, 
in  which  the  dye  is  photochemically  stable  and  has  an  excited  state  lifetime  of  9.1xl0-'2  seconds.  This  dye  has  an  absorption  maxima  at 
1051  nm  (Fig.  2)  and  it  is  rapidly  bleached  by  UV  and  blue  radiation. 

Experimental  Design  of  the  Laser  and  Method  of  Dosimetry 

The  laser  used  in  our  experiments  was  a  commercially  available  LS  880  Nd;  YAG-CO2  surgical  laser  system  from  Cooper 
LaserSonic  Incorporation  (Marlboro,  Massachusetts).  The  Nd:YAG  laser  (Neodymium:  Yttrium  Aluminum  Garnet)  is  a  multimode, 
CW  (continuous  wave)  laser,  with  a  wavelength  of  1060  nm  (invisible,  near  infrared)  and  a  maximum  power  output  of  100  watts.  TTie 
Nd:YAG  laser  beam  is  delivered  either  through  an  articulating  arm  or  an  optical  fiber.  The  beam  scan  technique'  was  used  to  measure 
the  spatial  profile  of  the  laser  beam;  this  profile  is  complex'  and  does  not  assume  the  Gaussian  distribution.  TTie  laser  output  passes 
through  an  aperture  (slit)  in  a  direction  perpendicular  to  the  direction  of  the  beam  propagation,  and  the  light  transmitted  through  the 
aperture  is  sensed  by  a  detector.  Tlie  measured  beam  profile,  as  registered  by  the  chart  recorder,  is  used  to  determine  the  peak  intensity 
(watts/cm2),  as  well  as  the  spot  diameter  at  full  width  half  maximum  (FWHM),  1/e  and  1/e^,  respectively  at  50%,  37%  and  14%  of  the 
calculated  intensity  (Table  1).  Numerical  integration  is  used  to  analyze  the  measured  beam  profile  to  obtain  the  peak  intensity  using  the 
formula;  ' 

Po=lo  1 2Jtr  Fc(r)  dr. 

*0 

where  Po  is  the  power  in  watts,  Fc(r),  the  spatial  distribution  taken  from  the  chart  recorder  and  normalized  to  unity,  and  Iq,  the  peak 
intensity  ^is  of  the  beam  in  watts  per  square  centimeter.  A  Simpson  rule  integration  formula  is  used  to  evaluate  this  equation  to  obtain 
the  peak  intensity  lo  in  each  experiment.  The  Nd:YAG  laser  is  outfitted  with  a  time  shutter  to  control  the  duration  of  exposure 
accurately.  A  thermopile  power  meter  (model  210,  Coherent,  Palo  Alto,  California)  is  used  to  measure  the  average  power  transmitted 
through  the  fiber  optic  of  the  laser.  The  distance  from  the  output  to  the  target  at  10.5  cm.  as  well  as  then  angle  of  incidence  (90  degrees) 
were  measured  and  kept  constant.  Ten  beam  spatial  profiles  were  recorded  using  the  beam  scanner.  Analysis  of  these  beams  revealed  a 
calculated  spot  diai^ter  of  0.380  ±  0.008  cm.  at  FWHM,  0.457  ±  0.0  cm.  at  1/e  and  0.6324  ±  0.007  cm.  at  l/e^.  The  calculated  spot 
surface  at  1/e^  (S=J}trFc(r)dr)  was  0. 154  ±  0.005  cm2,  j^e  peak  intensity  in  watts  per  square  centimeter  was  64.94  ±  4. 1  w/cm^  and 
kept  constant.  The  time  of  exposure  is  varied  to  obtain  different  energy  levels  (Table  1).  The  largest  spot  diameter  at  l/e^  was 
calibrated  to  7%  smaller  than  the  diameter  of  the  fibroblast  culture  wells,  thus  avoiding  the  interference  of  energy  density  between  the 
vertical  walls  of  the  culture  wells. 

Using  Beer's  law  (I=Io  c'  T*-),  we  calculated  the  energy  density  absorbed  by  the  Hank's  medium,  the  culture  plate  and  the 
fibroblasts  (Table  1 ).  By  extrapiolation,  it  appeared  that  48%  of  the  energy  density  incident  was  absorbed  by  *he  fibroblasts,  while  52% 
was  absorbed  by  the  Hank's  solution  and  culture  plate. 
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Fig.  1.  Eastman  Q-Switch  11  for  Neodymium  lasers. 


Fig.  2.  Spectrum  of  absorption  of  Q-Switch  11  dye. 


Normal  Human  Fibroblast  cultures 

Two  normal  human  fibroblast  cell  lines,  designated  Micro  II  and  B,  were  established  in  culture,  respectively  from  a  foreskin 
specimen  (fetal  fibroblast,  rapidly  dividing  cells)  and  from  a  normal  skin  biopsy  taken  from  an  adult  maJe  at  the  time  of  surgical  excision 
of  a  melanoma  (primary  adult  fibroblast,  slowly  dividing  cells). 

Cells  were  cultivate  at  37  °C  in  Roswell  Park  Memorial  Institute  tissue  culture  medium  (RPMI)  (model  1640,  Irvine  Scientific, 
Santa  Ana,  California),  supplemented  with  10%  fetal  calf  serum  (Irvine  Scientific),  2  mM  L-glutamine  solution  (GIBCO,  Chagrin 
Falls,  Ohio),  20  mM  N-2-Hydroxyethylpiperazine-N-2-Ethanesulfonic  acid  (Hepes)  buffer,  pH-7.4  and  50  ug  per  milliliter  of 
Gentamycin  (Whitaker  M.A.  Bioproducts).  The  cells  were  plated  in  75  cm^  tissue  culture  flasks  (Falcon  3024,  Becton  Dickinson 
Labware,  Oxnard,  California)  and  the  medium  was  changed  at  three  day  intervals.  Prior  to  laser  treatment,  the  cells  were  removed  by 
trypsinization  and  counted  with  a  standard  hemocytometer.  Normal  fibroblast  cells  (5xlCH  cells/0.1  ml)  were  plated  in  one  out  of 
every  fourth  well  of  a  96-well  culture  plate  (Model  3595,  Costar  Company,  Cambridge,  Massachusetts).  This  technique  of  cell 
plating  was  necessary  to  avoid  interference  of  laser  energy  between  the  adjacent  wells.  The  diameter  of  each  well  was  6.5  mm;  for 
this  reason  we  calibrated  the  laser  beam  diameter  and  surface  at  1/e^  to  be  7%  smaller  than  the  culture  wells  utilized.  The  cells  were 
allowed  to  attach  and  incubate  for  24  hours  prior  to  laser  treatment. 

0-Switch  II  Dve  Uptake 

Q-switch  n  solid  salt  was  obtained  from  Eastman  Kodak  Organic  Chemicals  (Rochester,  New  York).  The  solvent  of  choice  has 
been  1,2-dichloroethane,  however,  because  of  its  known  hepato  and  cytotoxic  effects,  we  used  DMSO  (Dimethyl  Sulfoxide,  100%)  as 
our  solvent  to  obtain  a  stock  solution  with  a  concentration  of  1  mg/ml.  This  dye  solution  appears  to  be  stable  in  DMSO,  as  well  as  in 
distilled  water  and  standard  culture  medium,  without  changes  in  its  abscarption  curve  as  measured  with  a  standard  Carrie  20 
spectrophotometer  (Fig.  2).  Further  dye  dilutions  to  0. 1  ug/ml  were  made  in  our  standard  culture  medium  mentioned  above. 

Prior  to  laser  treatment,  the  culture  medium  in  each  plated  well  of  the  test  group  was  replaced  with  0.1  ml  of  this  Q-switch  11 
solution  and  incubated  for  one  hour.  Exposure  to  this  dye  was  terminated  by  aspiration  of  the  supernatant  and  washing  of  the  cells 
twice  with  0. 1  ml  of  standard  culture  medium  to  remove  excess  Q-switch  II  not  incorporated  by  the  normal  human  fibroblast  cells. 

After  washing  the  cells,  0. 1  ml  of  new  culture  medium  was  added  to  each  well  and  incubated  at  37  °C.  This  fresh  medium  was 
transparent,  containing  Hank's  balanced  salt  solution  (Microbiological  Associates,  Beihesda,  Maryland)  supplemented  with  20  mM 
Hepes  buffer  solution  (pH-7.4),  50  ug/ml  of  Streptomycin  sulfate  (GIBCO),  and  2.5  ug/ml  of  Amphotericin  B  (GIBCO)  without 
phenol  red  pH  indicator.  The  culture  medium  in  each  plated  well  of  the  control  groups  (untreated,  and  treated  with  the  Nd:YAG  laser 
alone)  was  also  replaced  with  this  new  medium  prior  to  treatment.  The  step  was  necessary  because  previous  expert  nents^  indicated  that 
most  of  the  laser  energy  is  absorbed  by  the  phenol  red  of  the  st  udard  culture  medium.  Confluency  of  the  fibroblast  cells  was  checked 
prior  to  laser  treatment  with  a  standard  phase  microscope  and  plates  were  used  when  cells  covered  80-90%  of  each  well.  After  laser 
treatment,  the  fibroblast  cells  were  restored  in  the  standard  RPMI  medium  and  incubated  at  37  °C. 
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Determination  of  the  Cell  Viability 


The  cell  viability  was  determined  by  the  Trypan  Blue  exclusion  test  at  six  and  24  hours  post-laser  treatment.  Incorporation  of 
Trypan  Blue  in  the  cells  indicated  cell  death.  Percentage  of  viability  was  determined  in  control  and  laser  treated  fibroblast  cells. 

Determination  of  DNA  Synthesis  bv  f^Hl-Thvmidine  Incorporation 

Untreated  controls  as  well  as  laser  treated  fibroblasts  (test  group  sensitized  to  Q-switch  II  dye,  control  group  treated  with  the  laser 
alone)  were  incubated  at  37  °C  for  six  and  24  hours  post-treatment  and  then  tested  for  Thymidine  uptake.  At  each  time  point,  5  pCi  of 
tritiated  Thymidine  (specific  activity  2.0  Ci/mmol;  New  England  Nuclear,  Boston,  Massachusetts)  was  added  to  each  well  and  the  plates 
were  incubated  for  an  additional  24  hours.  Incorporation  of  Thymidine  was  terminated  by  aspiration  of  the  supernatant  from  each  well 
followed  by  trypsinization  of  the  cells  from  each  well  and  transfer  to  15  ml  centrifuge  tubes  (Beral  Scientific,  Arlita,  California). 

Pelleted  cells  were  resuspended  in  1  ml  of  Phosphate  Buffered  Saline  (PBS)  solution,  xl  concentration,  without  calcium  or  magnesium 
(GIBCO  Laboratories,  Grand  Island,  New  York)  and  heated  at  90  °C  in  a  water  bath  (Precision  Company)  for  30  minutes.  The  volume 
of  each  tube  was  increased  to  8  ml  with  PBS  and  the  tubes  were  centrifuged  for  15  minutes  at  2400  RPM  (900  xg)  is  a  centrifuge 
(Model  TJ6;  Beckman  Instruments,  Irvine,  California).  The  supernatant  were  aspirated,  the  pellets  washed  with  3  ml  of  PBS  (Grand 
Island)  and  then  recentrifuged  for  10  minutes.  The  supernatant  were  aspirated,  30  ug  of  1%  human  serum  albumin  (Cutter  Biological, 
Berkeley,  California)  and  5  ml  of  10%  iced  TrichloroAcetic  acid  (Fisher  Scientific  Company,  Fair  Lawn,  New  Jersey)  were  added  to 
each  tube,  and  then  cooled  to  below  4  °C  for  one  hour.  The  TCA  precipitate  were  collected  by  centrifugation  for  10  minutes  and  the 
pellets  washed  again  with  3  ml  of  5%  iced  TrichloroAcetic  acid.  The  tubes  were  recentrifuged  for  an  additional  10  minutes  and  TCA 
precipitates  from  the  pellets  were  dissolved  overnight  in  0.3  ml  of  0.075N  KOH.  The  hydrolysates  were  then  transferred  to  standard 
scintillation  vials  (Beckman  Instruments)  containing  5  ml  of  Optifluor  (United  Technologies,  Packard,  Illinois)  and  after  one  hour, 
radioactivity  in  each  vial  was  measured  in  a  scintillation  counter  (LS  230;  Beckman  Instmments,  Irvine,  California).  The  results  are 
expressed  in  CPM/well  (Table  2). 

Measurement  of  the  Thermal  Effects  of  the  Laser  Beam 

The  temjDerature  in  each  well  was  measured  prior  to  laser  treatment  (To)  and  immediately  after  laser  exposure  (Tmax)  by  immersion 
of  a  microprobe,  MT  23/8,  connected  to  a  thermometer,  BAT- 12  (with  fast  reading,  super-accuracy,  0.1%  of  reading,  +1  digit; 

Sensortek  Instmments,  Clifton,  New  Jersey).  The  microprobe  was  immersed  in  the  center  of  the  Hank's  medium  of  each  well  prior  to 
and  immediately  after  laser  exposure.  The  thermal  profile  was  recorded  until  the  temperature  in  the  treated  well  returned  to  the  20  °C 
ambient  temperature  (Tables  I  and  11). 

Statistical  Method 

The  data  were  stored  and  analyzed  with  the  computer  software,  SYSTAT,  available  at  the  Biostatistics  Microcomputer  Laboratory  of 
the  UCLA  Health  Science  Computer  Facility.  Descriptive  statistics,  Scheffe's  test  for  multiple  comparisons  and  correlation  test  were 
performed  by  an  independent  evaluator  from  this  department. 

Results 

In  this  study,  we  have  examined  the  changes  occuring  in  cell  viability  and  DNA  synthesis  of  two  normal  human  fibroblast  cell  lines 
sensitized  with  Q-switch  II  dye  as  a  result  of  Nd:YAG  laser  treatment  at  various  energy  densities  and  thermal  levels.  Using  an  accurate 
and  reproducible  method  of  dosimetry  of  laser  energy  and  measurement  of  thermal  changes  in  the  medium  prior  and  immediately  post¬ 
laser  treatment  (Tq,  Tma*),  our  data  demonstrates  that  there  is  a  significant  linear  correlation  (p<0.001)  between  those  two  parameters  as 
we  previously  demonstrated.^’'*'^  Therefore  in  the  future,  computers  can  be  used  to  facilitate  calculations  so  that  one  can  quickly 
correlate  total  tissue  dosage  or  thermal  changes  with  immediate  biological  responses. 

The  viability  of  the  test  group  fibroblasts  sensitized  with  Q-switch  II  dye,  as  estimated  by  the  Trypan  Blue  exclusion  test  at  six  and 
24  hours  post-laser  treatment,  was  not  affected  at  energy  density  and  temperatures  equal  or  lower  than  950  J/cm^  or  34  °C  as  compared 
with  untreated  cells.  Above  1 100  J/cm^  or  36  °C,  the  cells  were  stained  with  Trypan  Blue,  indicating  nonviability.  However,  the 
viability  of  the  control  group  cells  treated  with  the  laser  alone,  was  affected  at  higher  ener^  density  and  temperature  levels  of  2000 
J/cm^  or  42  °C.  Below  this  energy  level,  the  viability  was  not  affected  as  compared  with  untreated  cells  at  six  and  24  hours  post¬ 
treatment.  It  indicates  that  fibroblast  are  more  "sensitive"  to  the  Nd:YAG  laser  treatment  when  first  exposed  to  a  nontoxic  dose  of  Q- 
switch  II  dye.  Cell  killing  was  observed  at  temperatures  equal  or  higher  than  36  °C  as  compared  to  42  ’’C  when  treated  with  the  laser 
alone  (p<0.001)  (Table  2,  Figs.  3,4). 

To  evaluate  the  possible  changes  in  cell  duplication,  fibroblast  cultures  sensitized  with  Q-switch  II  dye  (test  group)  and  control 
fibroblasts  were  incubated  with  [^HJ-Thymidine  after  exposure  to  the  Nd: Y AG  laser,  and  the  uptake  of  Thymidine  was  measured  at  six 
and  24  hours  post-treatment  (Table  2,  Figs.  3,4).  For  the  test  group  (cells+Q-switch-rlaser)  at  energy  levels  between  314-950  J/cm^ 
and  corresponding  temperatures  between  28-34  °C,  a  significant  inhibition  of  Thymidine  uptake  (p<0.001)  was  noted  both  at  six  and  24 
hours  post-treatment  (Table  2,  Figs.  3,4).  As  mentioned  above,  cell  viability  as  shown  by  the  Trypan  Blue  exclusion  test,  was  not  ^ 
affected  at  those  energy  densities  and  temperature  ranges.  At  energy  levels  and  temperatures  equal  to  or  higher  than  1 100  J/cm^  (36  °C 
or  above).  Thymidine  uptake  for  the  test  group  was  markedly  suppressed  both  at  six  and  24  hours  piost-treatment  (p<0.001).  This 
effect  was  accompanied  by  nonviability  of  the  fibroblast  cells,  as  demonstrated  by  the  Trypan  Blue  exclusion  test  (Table  2,  Figs.  3,4). 

For  the  control  group  (cells+laser),  significant  inhibition  of  DNA  synthesis  was  noted  at  higher  energy  densities  and  temperatures  of 
1700  J/cm^  or  40  °C,  both  at  six  and  24  hours  post-treatment  as  compared  with  untreated  cells  (Table  2,  Figs.  3,4).  As  mentioned 
above,  cell  viability  was  not  affected  at  those  energy  densities  and  temperature  ranges.  At  energy  levels  and  temperatures  equal  to  or 
higher  than  2000  J/cm^  (42  °C  or  above).  Thymidine  uptake  for  the  control  group  (cells  +  laser)  was  markedly  suppressed  and  was 
accompanied  by  nonviability  of  the  fibroblasts,  both  at  six  and  24  hours  post-treatment  (Table  2,  Figs.  3,4). 

Discussion 

In  this  study,  we  have  demonstrated  that  Q-switch  II  dye  at  nontoxic  do,ses  (0. 1  ug/ml  for  one  hour)  to  normal  fibroblast  cultures 
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enhances  significantly  the  cytotoxic  and  cytostatic  effects  of  the  Nd;YAG  laser  at  physiological  temperatures  as  low  as  28-36  °C. 

Both  stimulatory  and  inhibitory  effects  of  different  laser  wavelengths  on  cell  duplication  have  previously  been  reported.^  >2 
However,  many  of  the  previous  studies  are  difficult  to  interpret  since  information  concerning  the  laser  dosimetry  is  lacking.  A  primary 
emphasis  of  this  study  was  to  develop  an  accurate  and  reproducible  method  of  delivery  of  energy  densities  and  precise  control  of 
thermal  changes  in  the  fibroblast  cultures.  This  technique'  utilized  is  simple  and  reliable,  based  on  laser  beam  geometry,  dosimetry  and 
temperatures  as  previously  described. 

Kodak  Q-switch  II  is  a  new  chemical  with  an  absorption  maxima  at  1051  nm  designed  to  be  used  as  a  Nd.YAG  dye  laser.  The 
search  for  a  fluorochrome-specific  for  the  Nd:YAG  laser  has  led  our  laboratory  to  test  the  effects  of  this  dye  on  fibroblast  cultures.  In  a 
previous  study, two  normal  fibroblast  cell  lines  were  tested  for  sensitivity  to  various  levels  of  this  dye  in-vitro.  These  cells  were 
exposed  to  Q-switch  II  dye  at  concentrations  of  0.01, 0.1, 1,  10, 50  and  100  ug/ml  for  one  and  24  hours.  Cell  viability  was  assessed 
by  the  Trypan  Blue  exclusion  test.  Cell  duplication  and  DNA  synthesis  were  measured  by  the  incorporation  of  ^H-Thymidine  at  six  and 
24  hours  post-exposure  to  Q-switch  II  dye.  At  concentrations  up  to  10  ug/ml,  both  cell  lines  test  lines  tested  showed  no  changes  in  cell 
viability.  However,  at  concentrations  equal  to  or  higher  than  50  ug/ml,  more  than  40%  of  the  fibroblasts  incorporated  Trypan  Blue  after 
24  hours  of  exposure  to  this  dye,  indicating  significant  ceil  killing.  At  concentrations  between  0.01  to  10  ug/iril,  an  immediate  and 
delayed  significant  stimulation  of  DNA  synthesis  was  noted  even  after  one  hour  of  exposure  to  Q-switch  II  dye  for  both  cell  lines 
tested.  However,  at  concentrations  equal  to  or  higher  than  50  ug/ml,  DNA  synthesis  was  not  statistically  different  than  untreated 
control  cells,  but  cell  viability  was  affected  for  more  than  40%  of  the  treated  cells  after  24  hours  of  exposure  to  this  dye.  The  results 
indicate  that  Q-switch  II  dye  is  nontoxic  to  normal  human  fibroblast  cultures  and  showed  a  significant  biostimulative  effect  on  cell 
duplication  at  concentrations  equal  to  or  lower  than  10  ug/ml.  Therefore,  in  this  present  study,  the  concentration  of  0. 1  ug/ml  was 
chosen  as  the  "chemosensitizing"  dose  for  the  fibroblast  cultures. 

The  effects  of  the  Nd:YAG  laser  was  more  significant  when  fibroblast  cultures  were  first  "sensitized"  to  Q-switch  II  dye  than  when 
treated  with  the  laser  alone.  Significant  suppression  of  DNA  synthesis  was  accompanied  by  non-viability  of  the  fibroblast  cultures  at 
physiological  temperatures  as  low  as  36  °C  and  a  corresponding  energy  density  equal  to  or  higher  than  1 100  J/cm^  (Figs.  3,4). 
However,  when  fibroblast  cultures  were  exposed  to  the  Nd;YAG  laser  alone,  similar  cytotoxic  effects  were  observed  at  temperatures  of 
42  °C  or  higher  and  corresponding  energy  densities  equal  to  or  higher  than  2000  J/cm^  (Figs.  3,4).  It  clearly  indicates  that  Q-switch  II 
sensitization  enhances  the  cytotoxic  effects  of  the  Nd:YAG  laser  at  non-thermal  levels  of  energies  on  normal  human  fibroblast  cultures. 

In  addition,  a  markedly  delayed  markedly  reduced  Thymidine  incorporation  which  reflects  lower  DNA  synthesis  was  observed  at 
physiological  temperatures  as  low  as  28-34  °C  (314-950  J/cm^)  in  fibroblast  cultures  sensitized  to  Q-switch  n  dye  and  exposed  to  the 
Nd;  YAG  laser  (Figs.  3,4).  The  cells  remained  viable  at  these  energy  levels  and  temj*rature  ranges  as  demonstrated  by  the  Trypan  Blue 
exclusion  test.  Similar  effects  of  the  Nd:YAG  laser  on  fibroblast  cultures  NOT  sensitized  with  Q-switch  11  dye  were  observed  at  higher 
temperature  ranges  of  40  °C  ( 1 700  J/cm^)  as  previously  demonstrated.^  The  non-thermal  range  of  effects  of  the  Nd;  YAG  laser 
manifests  itself  at  significantly  reduced  temperature  ranges  when  cells  are  first  sensitized  with  Q-switch  II  dye.  This  phenomenon 
demonstrates  the  advantages  of  photodynamic  therapy  with  lasers  which  consists  of  the  administration  of  a  non-toxic  chemosensitizing 
agent  to  cells  (Q-switch  II  dye  with  a  specific  absorption  maxima  at  1051  nm),  which  is  then  activated  using  a  carefully  calibrated, 
monochromatic  Nd:  YAG  laser  at  1060  nm.  Molecular  mechanisms  related  to  the  specificity  of  binding  or  to  the  cellular  site  of  action  Q- 
switch  II  dye  are  still  unknown.  However,  the  cytotoxic  effects  observed  at  concentrations  equal  to  or  higher  than  50  ug/ml  suggest  a 
direct  uptake  by  cells  of  this  dye  and  appears  to  be  dose  related.  Furthermore,  the  unexpected  biostimulative  effects  of  cell  duplication 
observed  at  concentrations  equal  to  or  lower  than  10  ug/ml  may  suggest  an  intracellular  target  site  of  action. 

Mitochondria  and/or  nuclei  are  potential  targets  for  Q-switch  II  dye.  It  may  stimulate  cell  duplication  either  by  enhancing  the 
energy-supplying  metabolic  processes  of  mitochondria  and/or  by  alteration  of  the  cell  cycle  time,  or  both.  The  cytotoxic  and  cytotoxic 

effects  of  the  Nd;YAG  laser  on  fibroblast  cultures  sensitized  to  Q-switch  II  dyes  at  these  physiological  temperatures  (28-36  '’C) 
reinforce  the  concept  of  an  intracellular  site  of  action.  "Activation"  of  the  Q-switch  11  dye  with  the  Nd.YAG  laser  may  destroy  or  inhibit 
chains  of  metabolic  processes  in  mitochondria  which  might  result  in  the  loss  of  capacity  of  division  of  the  cells. 

Eastman  Q-switch  11  salt  was  shown  to  be  effective  as  an  automatic  Q-spoiier  for  Nd.  YAG  dye  laser.  Its  effects  as  a  potential 
chemotoxic  versus  chemosensitizing  agent  on  living  cells  have  never  been  tested.  However,  the  results  of  this  study  show  surprising 
and  promising  future  applications  for  this  dye  in-vitro'3  as  well  as  in-vivo. 

i  ,2-dichloroethane  has  been  the  solvent  of  choice  for  the  Q-switch  II  crystal,  however,  its  hepatotoxic  as  well  as  cytotoxic  effects 
in-vivo  are  well  known.  Therefore,  we  successfully  attempted  to  dissolve  this  black  crystalline  solid  in  DMSO,  which  is  used  as  a  non¬ 
toxic  in-vivo  solvent  for  various  compounds.  Furthermore,  this  dye  solution  remains  stable  in  distilled  water  and  in  regular  culture 
medium,  with  a  measured  absorption  maxima  at  105 1  nm  (Fig.  2).  Further  research  is  currently  in  progress,  trying  to  determine  the 
intracellular  target  of  this  dye  and  its  mechanism  of  action. 

Photodynamic  the  apy  has  regained  TOpularity  in  recent  years,  specifically  since  the  introduction  of  lasers  and  fluorochromes  as 
HPD  and  more  recc  .cly  Rhodatmne-123^'^’5  for  the  treatment  of  superficial  malignancies.  Q-switch  II  dye  may  become  an  extremely 
efficacious  photochemosensitizing  agent  for  the  treatment  of  keloids  or  hypertrophic  scars,  or  connective  tissue  diseases,  with  the  low- 
energy  Nd:  YAG  laser. 


Conclusion 

Kt^ak  Q-switch  II  dye  has  recently  proven  to  be  an  effective  biostimulative  agent  on  normal  human  fibroblast  cultures.  The 
potential  for  this  dye  as  a  new  chemosensitizing  agent  for  the  treatment  of  connective  tissue  diseases  and  wound  healing  with  the 
Nd:  Y  AG  laser  was  examined.  Two  normal  fibroblast  cell  lines  were  first  sensitized  to  a  non-toxic  dose  of  Q-switch  II  dye  (0. 1  ug/ml 
for  one  hour),  then  subjected  to  treatment  with  a  Neodymium:YAG  laser  at  1060  nm  with  varying  levels  of  energy  and  temperatures 
determined  by  a  reproducible  method  of  dosimetry.  The  results  indicate  that  Q-switch  II  dye  at  non-toxic  doses  of  0. 1  ug/ml  enhances 
the  cytotoxic  effects  of  the  Nd.YAG  laser  at  reduced  temperatures  as  low  as  36  °C.  Furthermore,  at  physiological  temperature  ranges  as 
low  as  28-34  °C,  significant  inhibition  of  DNA  synthesis  or  cell  duplication  was  demonstrated  while  cell  viability  was  not  affected. 
Similar  results  were  not  observed  when  fibroblast  cultures  were  treated  with  the  laser  alone.  These  observations  suggest  that  Q-switch 
11  dye  is  an  effective  chemo.sensitizing  agent  for  the  Nd.’YAG  laser  and  could  potentially  be  used  to  reduce  collagen  deposition  in 
conditions  such  as  keloids  and  hypertrophic  scars. 
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Abstract 


The  purpose  of  this  study  was  to  determine  if  the  pulsed  CO2  laser  could  be  used  on  the 
cornea  with  minimal  thermal  damage  to  the  surrounding  tissue.  “^Human  eye  bank  corneas  were 
ablated  and  examined  utilizing  scanning  and  transmission  electron  microscopic  techniques. 

The  authors  report  no  indication  of  coagulated  protein  or  thermal  damage  to  the  bottom  or 
side  walls  of  ablations  receiving  three  pulses  to  the  same  site.  The  linear  ablations 
created  sharp  cleavage  planes  through  the  tissue,  though  the  incisions  were  relatively 
jagged  when  compared  to  diamond  knife  incisions.  Our  preliminary  work  is  promising, 
further  investigation  is  needed  to  determine  if  the  pulsed  CO,  laser  can  be  used  for  precise 
surgical  techniques  on  the  cornea. 


Introduction 


The  use  of  lasers  for  ophthalmic  surgery  has  been  successful  in  treating  a  variety  of 
disorders.  The  suitability  of  a  laser  for  a  particular  site  of  action  depends  upon 
properties  of  both  the  tissue  and  the  laser,  i.e.  it  is  necessary  for  the  laser  wavelength 
to  be  absorbed  at  an  absorption  peak  contained  within  the  tissue.  The  principles  of  laser 
action  dictate  its  feasibility  for  particular  surgical  techniques  on  the  cornea.  The 
properties  of  corneal  surface  surgery  restrict  the  laser  to  wavelengths  based  on  one  of  two 
principles:  chemical  or  thermal  interaction. 

Absorption  of  ultraviolet  energy  results  in  chemical  interaction  that  physically 
destroys  intramolecular  bond|^2  Preliminary  results  utilizing  the  eximer  laser  for  corneal 
surgery  have  been  promising  ,  however,  numerous  disadvantages  have  been  encountered. 

If  the  laser  is  to  be  comm.ercially  available,  issues  of  high  cost,  low  lifetime  and 
possibility  of  mutagenesis  must  be  addressed. 

Thermal  interaction  relies  upon  water  content  to  determine  the  effect  produced  by  the 
CO2  laser.  The  intracellular  and  extracellular  water  undergoes  an  abrupt  phase  change, 
creating  steam  and  vaporizing  the  tissue.  The  dispersed  energy  can  be  absorbed  by  the 
tissue  adjacent  to  the  ablation,  resulting  in  coagulation  and  carbonization  of  the 
remaining  tissue.  However,  reducing  the  exposure  time  can  minimize  the  thermal  effect. 

The  features  of  the  pulsed  CO2  laser  that  make  it  particularly  suitable  for  corneal 
surgery  are:  1)  CO2  laser  energy  is  strongly  absorbed  by  water  molecules;  and  2)  the 
thermal  relaxation  time  |or  water  at  the  10.6  um  wavelength  is  200  psec  .  Since  the  cornea 
is  composed  of  78%  water  ,  the  corneal  endothelium  as  well  as  other  portions  of  the  eye  are 
protected  from  thermal  damage  from  transmitted  energy  delivered  with  short  exposure  times. 
The  thermal  relaxation  time  of  biological  tissue  is  different  from  that  of  water,  however, 
with  a  pulse  width  shorter  than  200  psec,  it  should  be  possible  to  vaporize  tissue 
without  creating  thermal  damage  to  adjacent  areas  .  A  large  amount  of  powe^  will  need  to 
be  delivered  during  the  short  pulse  duration,  creating  high  power  densities^.  The  poor 
hemostatic  ability  of  the  laser  utilized  in  this  fashion  may  be  of  concern  in  other 
tissues,  but  in  an  avascular  tissue  like  the  cornea,  this  is  not  relevant. 

The  purpose  of  the  study  was  to  evaluate  the  effect  of  the  pulsed  CO2  laser  in  corneal 
tissue.  We  wished  to  determine  if  the  laser  could  be  used  on  corneal  tissue  with  minimal 
damage  to  the  adjacent  stromal  tissue.  Ultimately,  we  question  whether  the  laser  will 
overcome  complications  encountered  with  the  use  of  hand-held  diamond  knives  during  corneal 
surgery . 
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Methods  and  Materials 


The  CO^  laser  in  this  study  was  a  high  order  mode  system  in  which  a  small  pinhole  iris 
was  used  to  deliver  a  single  mode  of  the  beam  (Figure  1) .  Although  the  laser  had  n  maximum 
output  of  3  joules,  it  typically  delivered  25  mjoules  of  power.  The  pulse  delivered  had  a 
150  nsec  duration;  the  pulse  clipper  switched  off  at  peak  power  and  removed  the  nitrogen 
tail  of  the  CO2  pulse.  The  condenser  divided  the  beam  in  half  and  the  beam  splitter 
removed  another  50%.  A  helium-neon  laser  was  used  in  conjunction  with  the  CO^  laser  to 
ensure  precise  focusing  of  both  lasers.  A  zinc  selenide  lens  (0.5  inch  focal^length) 
focused  the  laser  on  the  cornea  placed  onto  a  motor-mike  driven  translation  stage  (Oriel, 
2.5  urn  stepping  accuracy). 
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Figure  1.  The  schematic  represents  the  CO-  delivery  system  used  in  the  study.  The  action 
of  the  condenser  and  beam  splitter  (BS)  resulted  in  a  50%  reduction  of  the  beam 
at  each  location.  The  helium-neon  (HeNe)  laser  was  used  to  focus  the  beam 
through  the  0.5  inch  focal  length  zinc  selenide  lens. 

Seven  human  eye  bank  corneas  stored  at  4  -  8  °C  in  K-Sol  for  2  to  10  days  (x  =  5.4  days) 
were  used  in  the  study.  Two  corneal  buttons  (5  mm  diameter)  were  removed  per  cornea  and 
were  ablated  with  the  CO^  laser  or  incised  with  a  diamond  knife.  To  determine  if  the 
motion  of  the  stage  created  any  additional  tissue  disturbance,  two  types  of  laser  ablations 
were  made:  incisional  and  single  site.  Following  ablation,  the  button  was  bisected  and 
both  halves  were  placed  into  2,5%  glutaraldehyde  in  0.2  M  sodium  cacodylate  buffer.  The 
specimens  designated  for  transmission  electron  microscopy  were  subsequently  sectioned  for 
proper  orientation  during  processing,  post-fixed  in  1%  OsO^  in  0.2  M  sodium  cacodylate, 
dehydrated  in  a  series  of  increasing  strengths  of  alcohol , ^infiltrated  with  a  propylene 
oxide:Spurr  mixture  and  embedded  in  Spurr  resin.  The  ultra-thin  sections  were  stained  with 
lead  citrate  and  uranyl  acetate  before  viewing  with  a  Jeol  JEM-100  CXII  microscope.  The 
scanning  electron  microscopic  specimens  were  removed  from  glutaraldehyde,  dehydrated  in  a 
series  of  increasing  strengths  of  alcohol,  and  critical  point  dried  under  a  constant  flow 
rate  system.  A  gold-palladium  element  was  used  to  sputter  coat  the  specimens,  they  were 
mounted  on  aluminum  stubs  and  were  viewed  with  an  International  Scientific  Instruments  DS 
130  microscope  operated  at  5  kV. 
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Results 


The  incisions  and  ablations  in  the  tissue  demonstrated  several  important  findings.  When 
comparing  laser  ablations  of  the  cornea  (Figure  2)  to  diamond  knife  incisions  (Figure  3), 
scanning  electron  microscopy  indicated  a  sharp  cleavage  plane  through  the  tissue  in  both 
cases.  The  laser  ablations  resulted  in  a  relatively  jagged  incision,  which  led  us  to 
perform  single  site  ablations  which  removed  the  influence  of  the  translation  stage  and 
allowed  assessment  of  the  uneven  appearance  of  the  incision,  discriminating  between 
movement  of  the  stage  or  configuration  of  the  beam.  The  smooth  appearance  of  the  walls  of 
single  site  ablations  (Figure  4)  indicated  the  significant  role  the  translation  stage 
played  in  producing  an  uneven  appearance. 


Figure  2.  Compared  to  the  diamond  knife 
incision,  the  linear  ablation  created  by 
the  pulsed  CO^  laser  created  a  relatively 
jagged  incision  (X  600) . 


Figure  3.  This  micrograph  of  an  incision  made 
by  a  diamond  knife  demonstrates  a  sharply 
defined  linear  cut  through  the  tissue.  Note: 
the  abnormal  disrupted  appearance  of  the 
epithelium  is  characteristic  of  changes  that 
occur  to  corneal  tissue  during  long-term 
storage  in  eye  banking  media  (X  600) . 
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Figure  4 


Figure  5 


Scanning  electron  microscopy  demonstrated  a  single  site  ablation  in  a  human  eye 
bank  cornea  that  received  three  pulses  with  the  pulsed  CO-  laser.  Note  the 
smooth  sides  of  the  ablation  (X  1000) . 


A  diamond  knife  incision 
stroma  of  this  human  eye 
electron  micrograph  (X 


created  an  irregular  uneven  lamellar  pattern  in 
bank  cornea  as  represented  in  this  transmission 
'^500)  . 


the 
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The  incision  made  by  a  diamond  knife  had  an  irrecular  appearance  (Figure  5).  Presumably, 
the  different  angles  and  tensions  of  each  lamellar  layer  of  stroma  resulted  in  an  uneven 
surface  along  the  wall  of  the  incision.  The  side  walls  of  the  laser  ablation  appeared  much 
smoother  than  the  diamond  knife  incision  (Figure  6) .  There  was  no  inidcation  of  thermal 
damage  to  the  bottom  or  side  walls  of  an  ablation  that  received  three  pulses  to  the  same 
site . 


Figure  6.  This  transmission  electron 
micrograph  clearly  demonstrates  a  lack 
of  thermal  damage  to  the  bottom  or  to 
the  side  wallof  the  human  eye  bank 
cornea  that  received  three  pulses  to 
the  site.  Note:  the  presence  of 
intrastromal  edema  is  not  unusual  tor 
a  cornea  during  long-term  storage  in 
eye  banking  media  (X  19200)  . 


Discussion 


We  have  demonstrated  our  goal  to  minimize  thermal  damage  to  areas  adjacent  to  an 
ablation  created  by  a  CO^  laser  utilizing  scanning  and  transmission  electron  microscopic 
techniques.  This  objective  was  predicted  on  the  ability  to  deliver  a  CO^  laser  pulse  of 
correct  duration  such  that  tissue  could  be  vaporized  without  allowing  excess  energy  to 
dissipate  into  surrounding  tissue.  Our  observations  have  demonstrated  several  points.  Th.c 
translation  stage  played  an  important  role  in  producing  an  uneven  appearance  to  the 
incision  and  when  this  factor  was  eliminated,  the  walls  of  the  ablation  appeared  smooth. 

The  need  for  a  stable  translation  stage  has  been  illustrated.  Additionally,  the  uneven 
appearance  of  the  wall  of  the  diamond  knife  incision  was  possibly  created  by  the  knife 
encountering  the  lamellar  layers  at  different  tensions  and  angles.  However,  tlic  laser  did 
not  create  an  irregular  appearance  to  the  bottom  or  the  sides  of  the  ablation,  but  had 
created  a  smooth  surface  instead. 

Laser  corneal  surgery  involved  in  similar  investigations  h^s^utilizod  the  cximer  laser. 
Although  this  work  lias  demonstrated  clean,  precise  ablations  ,  there  are  numertius 

disadvantages  associated  with  the  eximer.  The  exriner  laser  ut i 1 i”es  similar  technology  to 
the  CO^  laser,  but  the  corrosive  halogens  used  in  the  eximer  cause  rcliabilit',-  problems  not 
encountered  with  the  CO  laser.  The  corrosive  gases  used  in  th.c  cxinu-r  require  special 
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shelf  life  of  the  eximer  as  well  as  cause  degradation  of  the  elect 
laser  system.  The  gases  used  in  the  CO^  laser,  CO^,  He  and  N  ,  do 
the  laser  nor  do  they  present  the  same  safety  hni-ards  that  halogen 

Absorption  of  the  ultraviolet  energy  the  ex^mer  laser  create 
that  physically  breaks  intramolecular  bonds.  Because  most  organic 
in  the  ultraviolet  range,  the  hazards  of  biological  complications 
ultraviolet  lasers  remain  a  significant  question.  The  clinical  nc 
laser  will  -equiro  an  evaluation  of  the  importance  of  ultraviolet- 
mutagenesis.  The  CO^  laser  emit'~  a  wavelength  of  10.6  yim  which  re 
action  only. 

In  conclusion,  the  CO^  laser,  initially  developed  for  military 
safe,  highly  reliable,  field-proven  and  cost-effective  alternative 
pre  1  i.minary  work  is  promisj.ng,  hov^ever,  more  work  will  be  needed  i 
healing  and  repair,  stability  of  incisions  and  control  of  the  deli 
effort  will  be  well-socnt  if  these  obstacles  are  overcome. 
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Abstract 

Hitherto,  traditional  methods  of  skin  cancer  treatment  such  as  liquid  nitrogen,  skin 
graft  and  cobalt  therapy  have  resulted  in  regrowth  of  skin  cancers  or  disfigurement.  A 
laser  optic  fiber  system  and  method  of  treatment  was  developed  for  application  on  an  out¬ 
patient  basis,  to  skin  cancers.  Skin  cancers,  such  as  Basal  Cell  Cancers  (B.C.C.'s)  and 
Squamous  Cell  Cancers  (S.C.C.'s),  ranging  from  early  stages  to  widely  invasive  (6xl0cm) 
lesions,  and  early  primary  melanomas,  were  treated.  Results  of  the  long-term,  9  year  study 
showed  that  even  very  large  lesions  did  not  require  skin  grafts.  Epithelial  elements  grew 
beneath  a  firm  crust  and  formed  new  pink  skin  when  the  crusts  fell  off,  leaving  little 
residual  mark  (small  scars  were  left  if  lesions  were  deeply  invasive) .  Although  some 
malignant  lesions  (approx.  10%)  required  2  treatments  close  together,  there  was  no 
recurrence  after  9  years  for  several  thousand  cases  of  skin  cancers.  It  is  concluded  that 
this  optic  fiber  system  is  an  important  tool  for  eradicating  a  disfiguring  and  potentially 
fatal  disease. 


Introduction 

Australia,  especially  Queensland,  is  the  skin  cancer  capital  of  the  world.  It  is  closely 
followed  by  parts  of  California  and  Texas. 

Australia  has  a  population  of  15.5  million  people.  Around  1500  deaths  occur  every  year 
from  skin  cancer,  and  over  one  hundred  and  fifty  thousand  people  are  treated  very  year  for 
skin  cancer*.  Skin  cancer  is  responsible  for  over  7,500  deaths  in  the  USA  per  year*^  . 

Hitherto,  traditional  methods  of  treatment  of  advanced  skin  cancers  such  as 
liquid  nitrogen,  skin  graft  and  cobalt  therapy  have  resulted  in  either  regrowth  or 
disfigurement  as  is  shown  in  fig.  1.  This  patient  developed  a  Basal  Cell  Cancer  of 


fig.  1:  Disfigurement  of  patient  following 
skin  flap  excision  for  B.C.C.  of  lower 
eyelid.  Despite  further  subsequent 
excision;  liquid  nitrogen  and  CO^  laser 
treatment,  there  is  regrowth  of  B.C.C.'s 
along  suture  line. 


his  lower  right  eyelid  20  years  ago,  for  which  he  was  treated  by  excision  and  a  skin  flap. 
This  resulted  in  loss  of  a  tear  duct  and  a  permanent  weeping  ectropion  of  his  lower  eyelid. 
The  B.C.C.'s  recurred  along  the  suture  line  and  he  was  treated  with  a  skin  graft;  liquid 
nitrogen;  then  with  a  pulsed  CO ^  laser.  But  the  B.C.C.'s  returned. 

Even  treatments  of  early  skin  cancers  such  as  liquid  nitrogen,  diathermy,  excision,  leave 
residual  marks  and  have  a  high  incidence  of  regro'-.th. 
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Fig  2:  This  electron  micrograph  shows  the  sharp  borders  of  the  crater  caused  by  the  pulsed 
Neodymium  laser  with  little  thermal  damage  to  the  surrounding  tissue  (in  this  case  cardiac 
muscle).  Fig  3 :  The  electron  micrograph  of  the  CW  argon  laser  crater  stiows  a  largo  area 
of  thermal  damage  on  the  surface.  Fig  4 :  Depicts  a  deep  shaft  with  smaller  zones  of 
thermal  damage  with  lasing  by  the  CO,  laser  compared  to  Fig  5.  Fig  5 :  Shows  a  shallow 
crater  and  relatively  thic)t  zones  of  thermal  damage  with  the  argon  laser.  Fig  6 :  In  all 
three  CW  lasers,  four  zones  of  thermal  damage  are  seen  (1)  explosive  evaporation  (2) 
vaporisation  (charring)  (3)  conduction  (4)  "shock"  or  acoustic  waves.  I' i g  7 :  The  crests 
of  the  acoustic  waves  may  be  seen  in  this  slide  of  Cc  lasing  of  heart  muscle  taken  by 
cinematography . 
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The  following  presentation  is  the  result  of  a  9  year  clinical  study  of  laser  removal  of 
over  seven  thousand  skin  cancers. 


Method 

In  1976,  with  the  view  of  developing  a  laser  optic  fiber  system  which  I  could  apply  to 
both  my  cardiac  research  and  to  a  variety  of  skin  lesions,  I  compared  three  main  types  of 
laser:  CO2 ,  Nd-Yag,  and  argon 

The  absorption  coefficient  a  of  the  three  different  lasers  CO  2 ;  Nd  and  Argon,  has  been 
found  to  be  200,  20,  and  45  per  cm  respectively'*’^’". 

Using  this  coefficient  in  energy  density  calculations,  and  by  experiments,  I  was  able  to 
come  to  the  following  conclusions: 

With  respect  to  continuous  wave  lasers,  (i)  for  the  CO2  laser,  most  of  the  laser  energy 
is  used  in  vaporisation  of  tissue;  (ii)  for  the  Nd  laser,  a  lot  of  the  energy  is  used  in 
scattering  in  tissue;  (iii)  for  the  Argon  laser,  most  of  the  energy  is  absorbed  by  tissue 
pigments  such  as  hemoglobin  and  melanin. 

Hence,  (a)  much  more  laser  energy  is  requirea  to  produce  the  same  volume  of  vaporization 
(ie  hole  in  tissue)  with  the  argon  laser  than  with  the  CO2  or  Nd  lasers;  (b)  greater 
destruction  to  the  tissue  surrounding  the  crater  walls  occurred  with  the  Argon  laser  than 
with  the  Nd  or  CO2  lasers. 

With  respect  to  pulsed  lasers:  (1)  a  normal  pulsed  Nd  laser  produced  much  less  damage 
to  the  walls  of  the  tissue  crater  than  any  of  the  CW  lasers:  argon,  Nd,  CO 2,  with  the  same 
energy  density.  (2)  There  was  also  much  less  surface  damage  with  the  pulsed  Nd  laser  than 
with  the  CW  lasers  utilising  the  same  energy  density.  This  is  shown  in  figs.  2  to  7. 

However,  the  argon  laser  produces  an  additional  acoustic  wave  owing  to  its  absorption  by 
melanin.  Melanosomes  act  as  heat  sinks  and  also  give  out  shock  waves. 

Figure  8  shows  the  optical  density  curve  for  melanin^,  the  main  source  of  heat  absorption 
in  the  skin. 


A  MID 

Absorption  spectrum  of  (squid)  melanin  in  a  KBr  pellet. 
(Adapted  from  M.  L.  Wolbarsht  et  at.,  July  1981) 


fig.  8:  Optical  Density  curve  for 
melanin^  shows  marked  absorption  in 
U.V.  and  blue  argon  (488nm)  wavelengths, 
with  much  less  absorption  in  yellow,  red 
and  infra  red  wavelengths. 


It  shows  that  there  is  marked  absorption  by  melanin  in  the  UV  to  blue  range  of  wave¬ 
lengths,  reducing  markedly  in  the  yellow,  red  and  infra  red  wavelengths. 

Hence  the  CW  argon  laser  with  its  blue  wavelengths  results  in  maximum  laser  absorption 
by  the  tissue  (compared  for  example  with  lasers  with  red  or  infra  red  wavelengths) . 


Treatment  and  Results 

After  experimenting  with  human  volunteers  since  1974,  I  developed  (in  1978)  an  argon 
laser  optic  fiber  system  for  the  treatment  of  a  variety  of  skin  lesions. 

My  breakthrough  with  skin  cancers  came  when  a  patient  with  xeroderma  pigmentosum 
presented,  and  I  was  able  to  study  the  results  of  my  numerous  treatments  on  him  over  a  nine 
year  period. 

Xeroderma  pigmentosum  is  a  genetic  condition  characterised  by  development  of  multiple 
skin  cancers  of  all  histological  types,  throughout  life  from  adolesence  onwards. 

Laser  treatment  of  xeroderma  pigmentosum  is  shown  in  figs  9  to  1). 

Laser  treatment  of  various  basal  cell  cancers  and  squamous  cell  cancers  are  shown  in 
f igs  12  to  15. 

Different  energies  and  encTgy  densities  were  applied  to  different  lesions  depending  upon 
lesion  history,  size,  type  and  extent  of  invasion.  La  er  excision  biopsies  were  pi'ilormed. 
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Laser  treatment  of  Xeroderma  Pigmentosum.  Fig  9a:  Shows  keratinised  bleeding  squamous 
cell  cancers  on  the  head  of  this  patient  with  xeroderma  pigmentosum.  ^  One  of  the 
lesions  has  3ust  been  lased.  c_^  Three  years  after  laser  treatment,  there  is  no  residual 
mark.  Fig  10a:  Shows  a  rapidly  growing  prol i ferat i ve/bleed ing  squamous  cell  cancer  which 
had  grown  in  a  month.  b_^  No  mark  was  left  3  months  after  lasing  (there  has  been  no 
recurrence  in  5  years).  Fig  11a:  Ft.  ws  the  patient’s  hands  with  nyperkeratoses  and 
squamous  cell  cancers.  b , c :  The  ha:. as  seven  years  after  laser  treatment  -  no  residual 
mark  remains  but  a  new  squamous  cell  cancer  has  grown  on  one  hand  in  a  diiferent  j-osition. 
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Laser  treatment  of  various  Basal  cell  and  Squamous  cell  cancers.  Fig  12a:  Depicts  a 
patient  who  has  let  an  ulcerating  SCC  penetrate  the  skin  of  his  neck.  ^  1  week  after 

lasing.  Note  a  wide  boundary  of  5  to  8  mm  was  excised  outside  the  visible  margins  of  the 
lesion.  c_^  Three  weeks  after  lasing  the  lesion  has  healed  leaving  a  small  indented  scar 
which  occurred  due  to  cancer  penetration  of  the  full  thickness  of  the  skin  of  the  neck. 

Fig  13a:  A  B.C.C.  is  present  in  the  outer  edge  of  the  eye  (note  the  presence  of  other  early 
B.C.C.'s).  ^  The  same  patient  during  lasing.  C£  4  weeks  later,  virtually  no  visible 
mark  remains.  Fig  14a:  An  S.C.C.  before  lasing.  ^  During  lasing.  3  weeks  after  lasing. 
Fig  15a :  Depicts  an  invasive  S.C.C.  of  the  middle  finger  before  lasing.  Induration  is 
present  but  the  lesion  was  mobile.  ^  During  lasing.  cm  4  wec'ks  after  lasing.  A  dull  pink 
mark  remains.  It  has  now  faded  to  leave  a  barely  perceptible  scar. 


Laser  treatment  of  pigmented  skin  lesions.  Fiq  1€ 
recently  grown  and  become  darker  in  some  areas,  c 
ment.  Fiq  17a:  This  thirteen  year  old  girl  had  a 
recently  become  elevated,  darker  and  larger.  b: 
is  healing  well. 

Laser  treatment  of  difficult  cases.  Fiq  1 8a:  Th 
diffuse  B.C.C.  on  the  patient's  arm  during  laser 
present.  They  had  all  been  treated  previously  by 
b=  Shows  a  very  large  skin  cancer  being  treated  o 
patient  many  years  ago  had  half  his  right  ear  rem 
squamous  cell  skin  cancer  off  the  left  half  of  hi 
treatment  only,  there  was  little'  perceptible  resi 


Laser  treatment  of  pigmented  skin  lesions  is  shown  in  figs  16  and  17. 


Difficult  Cases 

Fig  18a  and  b  shows  another  patient  with  xeroderma  pigmentosum  who  only  recently 
presented  to  me. 

Unfortunately  this  gentleman  has  had  over  5000  treatments  since  he  was  14  years  old  in¬ 
cluding  a  craniotomy  for  a  histiocytoma.  He  is  a  barrister  in  his  forties  and  is  disfigured 
facially.  This  is  quite  a  difficult  problem  to  treat  by  any  method,  at  this  late  stage, 
and  will  require  a  lot  of  lasing.  It  is  preferable  to  advise  all  cases  of  xeroderma 
pigmentosum  at  an  early  age  to  move  to  a  shady  climate  such  as  England  if  they  are  to 
enjoy  a  reasonable  quality  of  life. 

Conversely,  several  cases  of  squamous  cell  cancers  on  lips  (figs  19a,  b)  and  eyelids 
have  been  treated  and  responded  by  healing  very  well. 

Results  of  the  long-term,  9  year  study  showed  that  although  some  malignant  lesions 
(approx.  10%)  required  2  treatments  close  together,  there  was  no  recurrence  after  9  years 
for  several  thousand  cases  of  skin  cancers. 

Conclusions 

In  conclusion,  with  respect  to  tumor  treatment:  this  laser  optic  fiber  system  and 
method  of  treatment  appears  to  selectively  destroy  rapidly  growing  abnormal  cells  and  to 
spare  normal  epithelial  elements. 

In  this  way,  a  large  lased  area  which  would  appear  to  be  a  third  degree  burn  does  not 
leave  a  residual  ulcer  and  does  not  require  a  skin  graft. 

Patients  were  found  to  present  earlier  for  treatment  of  skin  cancers  (especially 
melanomas)  if  they  knew  the  treatment  was  relatively  inexpensive,  simple,  quick  and  on  an 
outpatient  basis  under  local  anaesthetic.  It  is  concluded  that  this  laser  optic  fiber 
system  is  an  important  tool  for  eradicating  a  disfiguring  and  potentially  fatal  disease. 
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Abstract 

In  this  study  the  histology  of  CO2  laser  weld  closures  produced  by  two  instruments  of 
differing  design  were  compared.  Laser  welding  was  also  compared  to  conventional  suture 
closure.  Twelve  New  Zealand  white  rabbits  were  randomly  assigned  to  one  of  two  groups. 
Two  full  thickness  incisions  were  made  through  the  anterior  aspect  of  the  tongue  in  each 
animal.  One  incision  was  closed  with  focal  welds  using  a  different  laser  instrument  for 
each  group.  The  other  incision  was  closed  with  interrupted  sutures.  Three  animals  in 
each  group  were  sacrificed  iramediately  and  three  were  allowed  to  heal  for  eight  days. 
Macroscopic  and  microscopic  examination  of  the  incision  sites  revealed  no  difference  be¬ 
tween  the  results  obtained  with  either  laser.  In  contrast,  suture  closure  resulted  in  a 
longer  healing  time,  a  greater  foreign  body  reaction  in  the  involved  tissue;  it  also 
necessitated  a  longer  period  of  time  to  complete  the  repair. 

Introduction 


In  this  study  the  use  of  a  Sharplan  1040  CO2  surgical  laser  system  was  compared  to  a 
Bioquantum  7600  CO2  microsurgical  laser  for  tongue  incision  closure  by  laser  welding.  A 
comparison  was  also  made  between  laser  closure  and  conventional  suture  closure. 

Increased  clinical  use  of  lasers  has  created  a  need  for  surgical  training  in  the 
mechanics  of  handling  the  instruments  and  in  the  appropriate  modification  of  existing 
procedures  to  incorporate  the  use  of  lasers.  Since  both  of  the  lasers  in  this  study  are 
used  for  physician  training  in  our  institution,  it  is  important  to  determine  whether 
inherent  design  features  of  the  particular  laser  or  inexperience  of  the  operator  account 
for  specific  problems  whenever  they  arise. 

Therefore,  we  designed  a  surgical  protocol  that  could  be  used  with  each  of  the  lasers 
independently  to  determine  whether  similar  results  could  be  achieved  with  each  in  the  hands 
of  a  single  experienced  operator.  Although  demonstration  of  equivalent  results  for  this 
procedure  may  not  extend  to  more  complex  applications  where  one  laser  may  be  more  suitable 
than  the  other,  the  study  does  provide  for  an  experience  with  each  instrument  which 
improves  our  ability  to  evaluate  both  laser  and  operator  performances.  Future  studies  are 
planned  to  examine  other  clinical  procedures  by  applying  a  standard  protocol  while  varying 
the  type  of  laser  instrument  used. 
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Materials  and  Methods 


Lasers 


Both  lasers  operate  at  1060  nm  infrared  in  a  gaussian  mode.  The  Sharplan  laser  is  con¬ 
tinuously  adjustable  between  2  and  40  watts  and  100  and  2,500  milliwatts.  The  beam  is 
delivered  through  a  spring  balanced  articulated  arm  which  was  coupled  to  an  operating 
microscope  and  a  manually  controlled  micromanipulator.  The  Bioquantum  laser  is  continu¬ 
ously  adjustable  between  50  and  4,000  milliwatts.  The  beam  is  delivered  through  an 
adjustable  optic  coupled  to  an  operating  microscope  and  a  manually  controlled  micromanipu¬ 
lator  which  has  a  variable  gain  setting  that  permits  a  range  of  sensitivities  in  the 
control  of  the  joy  stick. 

The  impact  size  of  the  focused  beam  at  250  milliwatts  was  determined  by  a  modification 
of  the  method  of  Kiang  and  Langl .  To  find  the  correct  focus  isolated  lines  of  single  laser 
burn  spots  were  made  at  different  focus  adjustments  near  the  damage  threshold  of  thermally 
sensitive  paper.  Impact  size  was  evaluated  microscopically  because  the  visual  focus  does 
not  necessarily  coincide  with  the  focus  of  the  laser  beam.  Both  systems  were  used  with  a 
400  mm  focal  length  lens. 

The  impact  diameter  of  the  focused  Sharplan  laser  was  measured  at  0.42  mm  with  a  cross- 
sectional  area  of  0.075  cm'^  using  250  milliwatt  power  measured  at  the  target  plane  witii  a 
Diamond  Ophier  power  meter.  The  irradiance  was  340W/cm‘^  and  the  energy  fluence  170  joules/ 
cm^  with  an  exposure  time  of  0.5  seconds  for  each  weld.  The  impact  diameter  of  the  focused 
Bioquantum  laser  was  measured  at  0.3  mm  with  a  cross-sectional  area  of  0.71  cm2  using  250 
milliwatt  power  measured  at  the  target  plane.  The  irradience  was  354  W/cm'^  and  the  energy 
fluence  177  joules/cm2  with  an  exposure  time  of  0.5  seconds  for  each  weld. 

Animals 


Twelve  New  Zealand  white  rabbits  weighing  between  3  and  3.5  kg  were  randomly  assigned 
to  one  of  two  groups.  Group  I  was  treated  with  the  Sharplan  laser  and  Group  II  with  the 
Bioquantum  laser;  all  other  aspects  of  the  protocol  were  identical  for  both  groups. 
Operative  procedures  were  performed  under  sodium  pentabarbital  anesthesia  (30  mg/kg  i.v.). 
Post  operative  analgesia  and  antibiotic  therapy  were  administered  to  prevent  pain  and 
infection . 

Surgical  Procedure 

The  tongue  was  fully  extended,  immobilized  and  supported  along  the  full  length  of  the 
inferior  surface.  Two  two-centimeter  full-thickness  incisions  were  made  on  each  tongue 
anterior  to  the  v-shaped  solcus  and  to  the  right  and  left  of  the  medial  line.  The  edges 
of  the  left  incisions  were  approximated  and  the  incision  closed  with  interrupted  6-0 
absorbable  sutures.  Laser  welds  were  performed  on  the  right  incisions  by  approximating 
the  edges  and  then  delivering  focal  welds  at  three  sites;  the  most  proximal  and  the  most 
distal  extensions  of  the  incision  and  a  site  midway  in-between.  All  welds  were  delivered 
at  250  mW  for  0,5  seconds.  Three  animals  in  each  group  were  sacrificed  immediately  follow¬ 
ing  the  surgical  procedure;  the  remaining  three  animals  in  each  group  were  sacrificed  on 
the  eighth  day  post  surgery  by  intracardiac  injection  of  a  saturated  MgCl2  solution.  The 
wound  area  was  excised  and  prepared  for  histological  examination  using  conventional 
techniques . 


Results 


Figure  1  shows  the  sites  of  the  fresh  welds  produced  by  each  laser.  The  initial  effect 
with  either  laser  was  a  flattening  of  the  partially  keratinized  epithelium  and  a  sealing 
of  the  side  walls  of  the  incision  that  occurred  concurrently  with  hemostasis  of  the  area. 
There  was  also  some  sloughing  of  cells  and  a  loss  of  cellular  detail  in  the  uppermost 
layers.  Penetration  for  both  lasers  appears  to  average  approximately  five-cell  layers 
deep.  Macroscopically ,  there  was  a  faint  zone  of  white  discoloration  following  application 
of  the  laser;  no  charring  was  observed. 

Figure  2  shows  the  sites  of  the  healed  welds  on  the  eighth  day  post  operative.  There 
was  minimal  inflammatory  response.  The  incision  edges  were  directly  opposed,  and  the 
collagen  bridging  made  it  difficult  to  measure  any  gap  between  the  incision  walls  in 
either  group.  A  small  circumscribed  area  of  epithelial  cell  thinning  was  noted  in  both 
groups  in  the  impact  area  of  the  tissue. 

Figure  3  shows  the  acute  trauma  due  to  suture  placement.  The  average  distance  across 
the  cleft  between  the  walls  of  the  incision  is  0.9  mm,  and  the  walls  were  not  as  closely 
aligned  as  with  the  laser  welds.  Higher  magnification  reveals  the  grossly  hypoxic  appear¬ 
ance  of  the  tissue  circumscribed  by  the  suture. 

Figure  4  shows  the  suture  sites  on  the  eighth  day  post  operative.  The  suture  trauma  is 
only  partially  resolved.  The  channel  is  still  open  and  contains  remnants  of  suture 
material;  it  is  also  surrounded  by  fibroblasts  and  the  adjacent  tissue  contains  numerous 
polymorphonuclear  granulocytes;  other  changes  consistent  with  an  active  inflammatory 
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reaction  were  evident. 


Discussion 


The  tissue  changes  produced  by  both  lasers  were  equivalent.  Each  produced  accelerated 
healing,  minimal  trauma,  and  reactive  changes  as  opposed  to  conventional  suturing.  There 
were  some  differences  in  the  ease  of  handling  the  laser  beam  because  of  different  designs 
in  the  manually  controlled  micromanipulators.  Differences  were  also  found  in  the  impact 
size  which  may  become  significant  at  higher  energies,  in  procedures  requiring  finer 
control  of  the  beam,  and  for  procedures  requiring  vaniform  lasing  of  large  areas.  Never¬ 
theless,  the  results  obtained  in  the  range  of  energy  studied  and  with  the  type  of  tissue 
and  procedure  used,  were  satisfactory  and  similar. 

Suture  closure  was  found  to  be  less  satisfactory  because  of  the  increased  trauma  to  the 
tissue,  greater  inflammatory  response,  delayed  healing,  and  decreased  precision  in  align¬ 
ment  of  the  incision  walls. 
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FIGURE  1.  Site  of  fresh  welds:  Sharplan  laser  (left).  Bioquantum  laser  (right) .  Epi¬ 
thelial  cell  flattening  with  sloughing  of  cells  was  evident.  (Original 
magnification  125X)  . 
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FIGURE  3.  Site  of  acute  trauma  due  to  suture 
placement  (above  left)  original 
magnification  31.25X;  above  right 
original  magnification  125X) . 


FIGURE  4.  Suture  trauma  is  only  partially 
resolved  by  the  eighth  day  post¬ 
operative  (below  left,  original 
magnification  31.25X;  below  right 
original  magnification  500X) . 
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Abstract 

Courses  of  instruction  and  research  on  the  medical  uses  of  lasers  require  adequate 
models.  Undoubtedly,  a  wide  variety  of  models  are  conceivable.  In  this  report,  several 
models  that  are  satisfactorily  used  in  the  "hands-on"  laser  course  offered  by  the  Institute 
of  Applied  Laser  Surgery  and  Philadelphia  College  of  Osteopathic  Medicine  are  described. 
Each  has  been  demonstrated  to  be  adequate  for  the  respective  specialties  instruction  in 
course.  Others  are  in  the  process  of  development. 

Introduction 


Adequate  training  is  a  prerequisite  to  the  efficacious  use  of  lasers  in  medicine.  With 
this  in  mind,  laser  courses  offered  jointly  by  the  Institute  of  Applied  Laser  Surgery  and 
the  Philadelphia  College  of  Osteopathic  Medicine  have  provided  intense  "hands-on"  experien¬ 
ces  using  animal  models.  Most  of  the  models  successfully  used  in  the  courses  will  be  de¬ 
scribed  in  this  report. 


Procedures 


All  of  the  models  are  prepared  on  animals  (dogs,  rabbits,  pigs)  while  in  the  surgical 
plane  of  anesthesia.  The  anesthetic  most  widely  used  is  intravenous  pentobarbitol ,  30  mg/ 
kg;  the  ear  veins  of  the  rabbit  and  pig  are  readily  accessible  for  infusion;  the  antecubital 
vein  is  used  in  the  dog.  In  the  case  of  the  pigs,  a  preanesthetic  cocktail  consisting  of 
Ketamine  (22  mg/kg)  and  Promazine  (1.1  mg/kg)  is  injected  intramuscularly  (gluteal  muscle) . 
Maintenance  of  anesthetic  level  is  accomplished  via  anesthetic  administration  through  in¬ 
dwelling  catheters  PRN .  Upon  completion  of  the  "hands-on"  laboratory,  cardiac  arrest  is 
induced  in  the  animals  by  administration  of  a  large  bolus  of  MgCl2  intravenously.  The 
carcasses  are  subsequently  cremated.  In  cases  where  the  animal  models  are  used  for  re¬ 
search,  the  anesthetic  procedures  are  the  same  as  above.  All  surgical  procedures  are  per¬ 
formed  aseptically  ,  and  the  animals  are  allowed  to  recover  for  further  study,  if  necessary. 

All  housing  and  surgical  procedures  are  in  strict  compliance  with  the  NIH  "Guidelines 
for  the  Care  and  Use  of  Laboratory  Animals":  (revised,  1985) . 


Bladder  Neoplasm  S imulat^on . 


.1 


This  model  (30  kg  male  dog)  is  provided  for  the  urology  trainees  .  The  model  is  pre¬ 
pared  in  two  stages  and  is  graphically  illustrated  in  figures  1  and  2.  In  the  first  stage, 
the  bladder  is  exposed  via  a  midlinc  abdominal  incision.  A  ^  inch  incision  is  made  through 
the  trigone  muscle.  A  strip  of  rectus  muscle  is  separated  and  an  end  of  the  muscle  is 
entered  through  the  trigone  incision  and  sutured  to  the  bladder  floor.  At  this  time,  a 
segment  of  ilium  is  "tacked"  onto  the  serosal  site  of  the  bladder  and  will  provide  an 
opportunity  for  the  trainee  to  observe  any  damage  to  the  underlying  structures  when  higher 
power  densities  are  used. 


1038 


Urethra- 


Cystoscope 


Prostate 


FIGURE  1.  BLADDER  MODEL  WITH  CYSTOSCOPE  IN  PLACE 


-Van  Buren  Sound 


Urethr 


FIGURE  2.  PERINEAL  URETHROTOMY 


In  the  second  stage,  the  animal  is  prepared  for  cystoscopy.  The  dog’s  urethra  has  an 
acute  curvature  which  prevents  urethral  cystoscopy.  To  circumvent  this  limitation,  a  peri¬ 
neal  urethrotomy  is  performed.  It  is  helpful  to  locate  and  expose  the  urethra  if  a  10  F 
catheter  is  passed  through  the  urethra  into  the  bladder.  The  exposed  urethra  is  entered 
via  a  vertical  incision  and  the  edges  are  sutured  to  adjacent  structures.  A  Van  Buren 
sound  is  used  to  dilate  the  uret-hra  before  inserting  the  cystoscope  and  accompanying  laser 
probe.  With  the  cystoscope  in  place,  the  simulated  neoplasm  can  be  visualized  and  the 
lasing  techniques  can  be  initiated.  The  male  dog  also  presents  the  prostate  as  an  addition 
al  lasing  site. 

Tracheal  Obstruction. 


This  model  is  provided  for  the  bronchopulmonary  trainees^.  The  model  is  diagrammed  in 
figure  3.  The  trachea  is  exposed  via  a  midline  incision.  An  interiorly  based  pedicle 
from  a  split  strap  muscle  is  entered  into  the  lumen  of  the  trachea  through  a  tracheostomy 
incision  between  two  rings. 


y/i/./A 


^1^  I 


Trachea 


jtrap  Muscle 


FIGURE  3.  TRACHEAL  OBSTRUCTION 


End  to  End  Anastomoses. 


The  feasibility  of  end  to  end  anastomosing  (i.e.  blood  vessels,  tendons,  veins,  bowel, 
fallopian  tubes,  vas  deferens,  ureters,  etc.)  can  be  readily  demonstrated  in  a.  mal  models 
The  structures  to  be  anastomosed  may  be  approximated  with  two  stay  sutures  placed  opposite 
to  each  other;  a  7-0  suture  stent  may  also  be  passed  through  the  lumen.  Following  welding 
patency  of  the  lumen  can  be  demonstrated  by  infusing  a  radio  opaque  dye  through  the  lumen 
of  the  structure  and  visual ization  under  fluoroscopy  as  seen  in  figure  4. 


Holding  Suture 
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Tattoo,  Nevi,  Hemangiomas . 

In  this  model  (figure  5),  a  tattooing  instrument  is  used  to  introauco  india  ink  intir- 
demally  to  simulate  tattoos,  port  wine  nevi,  and  hemangiomas.  Rabbit  abdomen  and  backs 
present  satisfactory  surfaces  for  preparing  the  model  and  for  ablation  by  lasers. 


Also,  the  ear  veins  in  the  rabbit  can  serve  as  models  for  superficial  varicoses  and 
spider  angiomata. 

Other  Possible  Models. 


Nephrectomy,  partial  hepatectomy,  cervical  conization  and  other  models  can  be  designed 
for  instruction  and/or  research  into  the  use  of  lasers  in  medicine. 
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AOstract 

In  this  report,  we  show  that  arteriovenous  side-to-side  anastomosis  of  3nim-5mm  pig 
femoral  vessels  can  readily  he  accomplished  with  a  computer  controlled  1.319  urn.  Nd:YAG 
laser  system  and  standardized  operative  technique.  At  Orlando  Regional  Medical  Center 
Laser  Research  and  Demonstration  Center  we  hove  greatly  simplified  laser  tissue  fusion  and 
have  successfully  overcome  many  of  the  problems  which  hove  plagued  laser  tissue  fusion  in 
the  past.  Parameters  which  heretofore  were  left  to  the  control  of  the  surgeon  are  now 
automatically  controlled  by  the  computer,  leaving  the  surgeon  free  to  concentrate  on 
principles  of  good  operative  technique.  The  technique  Is  safe,  fast  and  reproducible. 
Also,  since  the  parameters  are  so  well  cohtrolled.  tissue  bonding  is  maximized  and  tissue 
distruction  is  left  to  a  minimum.  We  have  had  no  incidence  of  pseudoaneurysm  formation  or 
anastomoslc  leaks.  We  feel  that  this  system  and  operative  technique  is  feasible  for 
controlled  clinical  trials  creating  radiocephalic  AV  fistulas  for  purposes  of  renal 
dialysis.  Once  proven  in  human  AV  fistula  trials,  we  foresee  further  clinical  applications 
such  as  closure  of  femoral,  carotid,  and  deep  abdominal  arterlotomles  as  well  as 
anastomoses  of  various  vascular  autogenous  grafts. 


Introduction 

In  the  past,  the  field  of  laser  tissue  fusion  has  been  fraught  with  confusing  results. 
Successful  laser  tissue  fusion  is  dependent  upon  fine  control  of  several  variables 
including  laser  type,  specific  laser  parameters,  and  operative  technique.  Several 
different  types  of  lasers  (argon,  carbon  dioxide,  Na:YA6)  and  operative  techniques  have 
been  used  for  laser  tissue  fusion.  Since  the  operotlve  technique  and  laser  parameters  have 
not  been  standardized,  it  has  been  difficult  to  obtain  reproducible  results,  either  by  the 
same  experimenter,  or  from  one  experimenter  to  the  next.  Therefore,  some  type  of  standard¬ 
ization  in  the  field  of  laser  tissue  fusion  in  order  to  insure  more  relloble  results. 

Laser  tissue  fusion  Is  hypothesized  to  be  made  possible  by  the  controlled  heating  and 
denaturction  of  tissue  protein,  resulting  in  a  tissue  bond  formed  by  the  protein  coagulum. 
As  tissue  is  heated,  it  goes  through  four  sequential  changes:  heating;  coagulation; 
evaporation;  carbonization.  Heating  past  100  degrees  centigrade  results  in  evaporation  of 
cellular  water  with  subsequent  charring  and  destruction  of  tissue.  Therefore,  for 
successful  laser  tissue  fusion,  it  Is  essential  to  halt  these  tissue  changes  at  the 
coagulation  stage.  In  order  to  do  this,  several  parameters  have  to  be  simultaneously 
controlled;  laser  type  (argon,  carbon  dioxide,  NdrYAG).  wove  length,  beam  geometry,  (which 
differs  with  laser  type),  exposure  time,  spot  size,  power  level.  At  the  Orlando  Regional 
Medicol  Center  Laser  Research  and  Demonstrotion  Laboratory  we  have  successfully 
standardized  these  parameters  through  the  development  of  a  software  driven  1.319  NdiYAG 
laser  system.  By  combining  a  computer  controlled  laser  system  with  a  standardized  aperative 
technique,  we  have  greatly  simplified  laser  tissue  fusion  and  have  overcome  many  of  the 
problems  which  have  plagued  laser  tissue  fusion.  As  previously  reported,  we  haye 
standardized  our  methods  through  extensive  animal  studies  in  the  rat.  In  this  report,  we 
show  that  arteriovenous  side-to-side  anastomosis  of  3.0  to  5.0  mm.  pig  femoral  vessels  can 
readily  be  accomplished  with  our  system  ond  that  our  methods  are  feasible  for  human  studies 
with  potential  applicability  to  the  creation  of  arteriovenous  fistulas  for  renal  dialysis. 


Mgterlois 

Our  system  cansists  of  a  specially  madified  Nd;YAG  Laser  operating  at  a  wave  length  of 
1.319  urn.  This  totally  programmable  loser  system  is  interfaced  with  an  AT  80286 
microprocessor.  Critical  data  (e.g..  exposure  time,  spot  size,  power  levei)  is  encoded  on 
a  floppy  disk  with  hard  disk  backup  that  is  accessed  by  the  laser  microprocessor  system. 
The  surgeon  selects  the  appropriate  tissue  type  (e.g.  5mm  artery),  and  the  microprocessor 
then  automatically  tid justs  the  laser  parameters  for  ideal  tissue  fusion.  The  laser  beam  is 
delivered  to  the  operotlve  field  thiough  400  urn.  fiber  cptic  fiber  w.hich  is  connected  to  o 
specially  designed  hand  piece  which  can  be  manipulated  In  much  the  same  fashion  and  ease  as 
an  electrocautery.  This  moxlmlzes  operative  flexibility  and  limits  technical  Interference 
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with  surgical  procedures.  The  hand  piece  is  fitted  with  an  adjustable  distance  guide 
designed  to  keep  the  tip  of  the  fiber-optic  fiber  a  given  distance  from  the  tissue  to  be 
welded.  Since  the  laser  beam  is  cone-shaped,  as  the  length  of  the  distance  guide  is 
increased,  the  spot  size  at  the  tissue  level  is  also  Increased  and  the  energy  transfer  for 
a  given  volume  of  tissue  Is  decreased. 

We  have  chosen  the  Nd:YAG  lose’"  because  it  seems  to  be  the  ideal  system  for  laser  tissue 
fusion.  CO?  lasers  are  severely  limited  by  water  and  drgon  lasers  are  severely  limited  by 
blood  due  to  their  absorption  spectra.  YA6  laser  beams  are  not  absorbed  well  by  either 
blood  or  by  water  and  therefore  are  more  practical  for  clinical  laser  tissue  fusion  since 
they  are  effective  in  wet,  bloody  or  dry  operative  fields.  The  1.319  Nd:YAG  is  much  more 
effective  in  bloody  fields  than  the  1.06  Nd:YAG  and  is  therefore  the  wave  length  of  choice. 
The  relative  penetration  in  blood  for  the  argon,  1.06  Nd:YAG,  and  1.319  Nd:YAG  is  shown 
below  (Fig.  1) . 


Relative  Penetration  In  Blood 


Argon  .  1.0 

1.06  Nd:YAG  . .  4.2 

1.32  Nd:YAG  .  11.3 


Fig.  1.  Relative  penetration  in  blood  for  orgon, 
1.06  Nd;YAG,  1.32  NdrYAG  Losers. 


Methods 

After  adequate  ketamine  and  nembutal  anesthesia  is  obtained,  the  pig  is  placed  in  the 
supine  position  on  the  operating  table  and  the  femoral  artery  and  vein  exposed.  Bulldog 
clamps  are  then  placed  on  the  ortery  and  vein  for  proximal  and  distdl  control  of  the 
vessels.  Heparinization  is  not  necessary  due  to  the  very  short  clamp  time  needed,  Small 
longitudinal  openings  are  then  made  with  a  #11  scalpel  blade  In  the  artery  and  vein  for  a 
side-to-side  anastomosis.  It  is  essential  that  tne  arteriotomy  and  venotomy  be  clean-cut 
In  that  ragged  edges  are  extremely  difficult  to  opproximate  and  may  result  in  an 
anastomotic  leak.  Once  the  arteriotomy  and  venotomy  have  been  completed,  three  #8-0 
cardlovdscular  prolene  stay  sutures  are  placed  in  the  posterior  wall  in  order  to 
opproximate  the  vessel  edges  for  laser  tissue  fusion.  One  stitch  is  ploced  at  each  end  of 
the  anostomosls  and  one  in  the  center  of  the  back  wall.  Once  the  walls  are  carefully 
approximated,  the  laser  is  used  to  sequentially  spot  weld  the  posterior  wall  of  the 
anastomosis.  It  is  essential  that  the  distance  guide  keeps  the  tip  of  the  laser  fiber  a 
constant  distance  from  the  tissue  to  be  fused  in  order  to  assure  consistent  energy  transfer 
at  the  tissue  level  and  adequate  tissue  fusion  without  charring  of  the  tissue.  Once  the 
posterior  wail  has  been  fused,  a  stay  suture  is  the.,  used  to  approximate  the  anterior  wall. 
The  anterior  portion  of  the  anastomosis  is  then  completed  with  the  laser,  in  the  same 
fashion  as  the  posterior  wall.  With  the  arteriovenous  fistula  completed,  the  distal  vessel 
clamps  are  released  and  allowed  to  back  bleed  and  the  anastomosis  inspected  for  leaks.  The 
proximal  clamps  are  then  released  and  a  thrill  in  the  fistula  is  noted. 


Results 

At  tne  time  of  this  report,  we  have  attempted  seven  arteriovenous  anastomoses  of  pig 
femoral  vessels.  The  vessels  ranged  from  3-5mm.  in  diameter  and  the  pigs  weighed  from  150- 
180  pounds.  Of  the  seven  attempts,  six  procedures  were  successful  with  the  immediate 
patency  verified  by  a  palpable  thrill.  There  were  no  anastomotic  leaks  noted.  All  six  of 
the  successful  AV  fistulas  were  patent  at  the  time  the  animals  were  sacrificed  and  there 
hds  been  na  evidence  of  pseudo-aneurism  formation.  Histologic  studies  show  full  thickness 
bonding  at  the  anastamotic  site  with  minimal  tissue  reactian  as  distinguished  fram  the 
foreign  body  reaction  seen  with  standard  suture  technique.  Our  first  attempt  at  AV 
anastomosis  with  this  technique  and  system  was  unsuccessful  and  this  failure  is  attributed 
to  difficulty  in  obtaining  adequate  anesthesia  resulting  in  poor  tissue  approximation 
during  the  procedure.  The  anesthetic  problems  were  readily  resolved  and  as  a  result  all 
subsequent  procedures  were  technically  simplified  and  were  successful.  The  results  af  our 
studies  are  summarized  ir;  Table  1. 
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Summary  of  Results  of  A-v  Anastomosis  in  Pig 
3-5  mm  Femorol  Vessels  Using  1.319  Nd:YAG  Lasers 


Attempts 

Post  Od  Time 

Patency 

1 

0  Days 

No 

1 

0  Days 

Yes 

1 

4  Days 

Yes 

1 

3  Weeks 

Yes 

1 

3  Months 

Yes 

1 

1  Year 

Yes 

Summary 

We  have  shown  that  laser  tissue  fusion  side-to-side  arteriovenous  onastomosis  can 
readily  be  accomplished  in  3-5mm  pig  femoral  vessels  with  our  computer  controlled  1.319 
Nd:YAG  laser  system.  This  system  offers  many  advantages  over  those  previously  reported  for 
use  in  laser  tissue  fusion.  The  parameters  which  heretofore  were  left  to  the  control  of 
the  surgeon  are  now  automatically  controlled  by  the  system,  leaving  the  surgeon  free  to 
concentrate  on  principles  of  good  surgical  technique.  The  technique  is  fast,  safe  and 
reproducible.  Also,  since  the  parameters  are  well  controlled,  tissue  bonding  is  maximized 
while  tissue  damage  is  left  to  a  minimum.  In  contrast  to  CO2  ond  argon  systems,  the  1.32 
urn.  Nd:YAG  permits  tissue  welding  in  relatively  wet  or  bloody  fields.  Based  upon  these 
fihdings  and  previously  reported  animal  studies  performed  at  the  Orlando  Regional  Laser 
Research  and  Demonstration  Center  we  feel  that  the  system  and  technique  is  feasible  for  use 
in  controlled  clinical  trials  creating  radiocephalic  AV  fistulas  for  purposes  of  renal 
dialysis.  Once  proven  in  human  AV  fistula  trials,  we  foresee  further  clinical  applications 
such  as  closure  of  femoral,  carotid,  and  deep  abdominal  orteriotomies  as  well  as 
anastomoses  of  various  vasculor  autogenous  grafts. 
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ABSTRACT 


The  thermal  ,""'p°'-ties  and  thrombogenicity  of  Argon  laser  assisted  vascular  repair  (lAVR)  and  sutured 
vascular  repair  (SVR)  was  studied  in  canine  arteries.  Two  sequential  1  cm  length  incisions  were  made  in 
each  artery,  separated  by  a  4cm  length  of  intact  vessel.  One  was  repaired  by  SVR  using  contl.uious  6-0 
prolene  and  the  other  by  LAVR  from  the  adventitial  surface.  An  AGA  782  digital  thermographic  camera  and 
computer  with  spatial  and  thermal  resolution  of  +0.2mm  and  +0.2“C  was  used  to  continually  record  and  analyze 
the  LAVR.  LAVR  was  performed  using  an  HGM  argon  laser  with  a  300  micron  optic  fiber,  0.5  watt  power,  0.066 
cm^  spot  size,  150  seconds  exposure,  llOOJ/cm^  energy  fluence.  Continuous  irrigation  (1  drop/second)  of 
room  temperature  saline  was  used  to  cool  the  lased  tissue.  Autologus  Indium-111  oxinc  labelled  platelets 
were  injected  intravenously  immediately  after  completion  of  all  vascular  repairs.  The  segments  of  LAVR  and 
SVR  and  an  equivalent  segment  of  reference  vessel  were  harvested  48  hours  after  injection  and  radioactivity 
was  determined  with  a  gamma  counter.  Anastomotic  platelet  adherence  index  (APAI)  was  calculated  as  the 
ratio  of  LAVR  or  SVR:  reference  vessel  emissions. 

Thermal  measurements  revealed  a  temperature  increase  to  its  maximum,  then  an  instantaneous  return  to  a 
baseline  of  36°  with  each  drop  of  saline.  The  maximum  temperature  recorded  was  48.8°C,  the  mean  maximum  was 
45.1  +  2.7°C  (n=20).  There  was  a  significant  difference  (p<0.01)  in  the  APAI  for  the  SVA  (161  +  76) 
compared  to  the  LAVA  (93  +  41).  The  results  suggest  that  the  temperature  increase  did  not  have  a 
detrimental  effect  on  hemodynamic  integrity  or  thrombogenicity.  The  lower  platelet  uptake  on  the  LAVR 
compared  to  SVR  may  have  a  favorable  effect  on  early  vascular  patency. 

INTRODUCTION 


The  use  of  lasers  to  weld  vascular  tissue  and  form  sutureless  anastomosis  has  great  potential.  Numerous 
advantages  have  been  described  for  welded  anastomosis  including  lack  of  the  foreign  body  reaction  normally 
associated  with  sutures. This  study  was  undertaken  to  test  the  hypothesis  that  the  laser- induced 
increase  in  vessel  wall  temperature  does  not  increase  platelet  adhesion  to  vascular  repair.  We  measured  the 
thermal  properties  of  argon  laser  assisted  vascular  welding  in  conjunction  with  the  early  adhesion  of 
platelets  to  the  regions  of  vascular  repair  during  the  first  48  hours.  Since  platelets  play  a  fundamental 
role  in  thrombus  formation  it  is  believed  that  decreased  platelet  adhesion  will  have  a  beneficial  effect  on 
early  vascular  patency.^ 


MATERIALS  AND  METHODS 

Canine  femoral  (n=16)  and  carotid  (n=16)  arteries  were  isolated  by  standard  surgical  technique. 
Anticoagulation  was  induced  with  intravenous  heparin  (100  units/kg)  and  the  proximal  and  distal  portions  of 
the  artery  were  clamped.  Two  1cm  longitudinal  incisions  in  the  vessel  wall  were  made  separated  by  4  cm 
One  incision  (SVR)  was  closed  using  a  continuous  6-0  prolene  suture.  The  second  incision  (LAVR)  was 
prepared  for  welding  by  placing  a  6-0  prolene  suture  at  each  apex  and  at  the  midpoint,  dividing  the  incision 
into  two  5mm  segments.  Argon  laser  welding  was  accomplished  with  a  300  micron  fiber  held  1cm  from  the 
vessel  edges,  producing  a  spot  size  area  of  0.066  cm^.  An  HGM*  Argon  laser  was  used  at  0.50  watts  power,  75 
seconds  exposure  (15  pulses  of  5  seconds  separated  by  0.2  seconds)  and  570  J/cm^  energy  fluence  for  each  5mm 
segment.  The  laser  energy  was  moved  back  and  forth  along  the  anastomotic  edge  at  a  rate  of  approximately 
Icm/sec.  Cooling  of  the  fusion  site  was  accomplished  by  a  low  volume  stream  of  saline  at  room  temperature 
(Idrop/sec,  '•3ml/min).  Position  of  the  welded  and  sutured  anastomosis  was  randomized. 

Thermal  images  were  recorded  continuously  with  an  AGA***  thermal  camera  which  was  positioned  and  focused 
15cm  from  the  vessel  surface.  Temperature  calibration  was  achieved  through  the  instruments  built-in 
clamping  and  temperature  compensating  system  which  utilizes  a  liquid  nitrogen  cooled  indium  antimonide 
photon  detector  and  has  a  spectral  response  of  3.5  to  5.6  microns.  A  focal  distance  of  15cm,  in  conjunction 
with  1.8mm  aperture  and  7°  lens,  resulted  in  a  thermal  and  spatial  resolution  of  +0.2c°  and  +0.2mm 
respectively.  Baseline  temperatures  were  recorded  before  and  after  the  welding  process.  The  recorded 
thermal  images  were  analyzed  with  the  AGA  thermovision  computer  and  results  detailed  in  a  color  coded 
temperature  profile. 

Platelet  labelling  studies  were  accomplished  according  to  the  method  described  by  Hawker  et.al.  Indium 
111  oxine***  was  used  to  label  the  autologous  canine  platelets.  This  technique  results  in  fast  uptake,  high 
labelling  efficiency  and  a  short  (67  hour)  half  life.^  One  hour  prior  to  each  operation,  25cc  of  venous 
blood  was  drawn  into  a  syringe  containing  3.0cc  of  sterile  acid  citrate.  After  meticulous  separation  and 


*  HGM  Medical  Laser  Systems,  Salt  Lake  City,  Utah 

**  Agema  Infrared  Systems,  Secaucus,  New  Jersey 

***  Amersham  Corp,  Arlington  Heights,  IL 
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washing,  the  platelets  were  labelled  with  approximately  700u(:i  of  Indium- 11  I  oxine  and  iiuiibated  at  for 

one  minute.  The  labelled  platelets  wore  re-infused  intravenously  at  the  oompletion  of  oath  surgical 
procedure.  In  48  hours  the  dogs  were  reanesthet  ised  and  the  vessels  excised.  Thrite  1cm  length  samples  were 
taken  from  each  artery;  the  sutured  repair,  the  welded  repair  and  a  1cm  control  segiuont  taken  from  normal 
vessel  between  the  two.  The  radioactivity  emitted  from  each  specimen  was  detitrmined  with  a  gamma  well 
counter  (.Searle  Analytic,  Inc.)  using  a  wide  field  of  view  with  a  medium  energy  collimator  and  two  20% 
symetric  windows  around  the  173  and  247  KeV  0-photopeaks  of  Indium-111.  All  counts  were  corrected  for 
background  activity  and  isotope  decay.  An  anastomotic  platelet  adherence  index  (Al’Al  )  was  calculated  for 
each  specimen  by  determining  the  ratio  of  platelet  adherence  to  the  sutured  or  1 aser- t reated  vessel  compared 
to  the  platelet  adherence  to  the  control  segment. 

All  animals  used  in  the  study  received  humane  care  in  compliance  with  the  "Principles  of  Laboratory 
Animal  Care”  formulated  by  the  National  Society  of  Medical  Research  and  the  "Guide  for  the  Care  of 
Laboratory  Animals"  prepared  by  the  National  Academy  of  Sciences  and  published  by  the  National  Institute  of 
Health  (NIH  publication  1)80-23,  revised  1978). 


Results 


All  vessels  were  patent,  hemostatic  with  no  signs  of  postoperative  complications.  The  temperatures 
incurred  while  argon  laser  welding  were  similar  to  previous  experiments.^  The  temperature  increased 
rapidly  but  returned  to  baseline  (~36°C)  with  each  drop  of  saline.  Saline  controlled  the  maximum 
temperature  and  the  duration  of  thermal  exposure.  The  maximum  temperature  attained  in  this  study  was 
48.8°C,  the  mean  maximum  was  45.1  +  2.7°C  (n=20). 

The  mean  APAI  at  48  hours  for  .SVA  was  161  +  76.  This  was  significantly  different  from  the  mean  of  93  + 
41  for  LAVA  (p<0.01). 


Discussion 


Laser  assisted  vascular  welding  may  be  a  useful  adjunct  to  vascular  surgery.  Argon,  CO2  and  NdiYAG 
lasers  have  all  been  used  to  create  hemostatic  welds  in  medium  size  vessels.  One  of  the  major  advantages  of 
a  laser  welded  anastomosis  compared  to  suture  repair  appears  to  be  the  lack  of  suture  acting  as  a  foreign 
body.  In  a  previous  study,  we  observed  an  intimal  hyperplastic  response  in  sutured  repairs  which  was  not 
present  after  laser  repair  of  identical  canine  arterial-venous  fistulas  at  8  weeks. ^  The  laser  repairs  had 
minimal  inflammatory  reaction  and  more  normal  appearing  collagen  and  elastin  fiber  orientation.  It  appears 
that  argon  laser  sealing  delays  or  inhibits  the  intimal  hyperplastic  response.  Ashworth  et  al  found 
similar  results  using  the  CO2  laser  to  weld  end-to-end  canine  carotid  arteries.^  They  found  foreign-body 
giauL  cells  invested  the  sutured  repairs  at  2,4  and  6  weeks.  The  welded  repairs  showed  no  sign  of  intimal 
hyperplasia  except  at  the  stay  suture  site.  As  their  technical  skills  improved  the  time  required  for  laser 
repair  was  one  third  that  needed  for  sutured  repair. 

Platelet  adhesion  appears  to  play  a  major  role  in  early  thrombosis  and  thrombogenic  complications  in 
vascular  repair.^  When  an  injured  vessel  is  exposed  to  blood,  platelets  adhere  rapidly  and  undergo 
morphologic  and  biochemical  changes  which  result  in  the  release  of  platelet  aggregation  factors.  The 
intensity  of  this  reaction  depends  upon  the  reactivity  of  the  injured  vacular  surface  with  platelets,  the 
amount  of  blood  exposed  to  the  injury  and  platelet  suppression  and  accumulation  factors.  In  the  present 
study,  we  found  that  despite  the  rise  in  temperature  caused  by  argon  laser  induced  fusion  there  was  less 
platelet  aggregation  in  comparison  to  sutured  repair.  The  decrease  in  platelet  adherence  may  be  closely 
associated  with  the  lack  of  a  foreign  body  response  to  suture,  although  the  laser  energy  itself  or  the 
welding  mechanism  may  have  some  inhibitory  factors  not  yet  identified.  Abergel  et  al  described  an  ability 
to  selectively  suppress  or  stimulate  collagen  production  by  fibroblasts  using  the  Nd:YAG  Laser. ^  At  high 
powers  they  found  the  laser  to  have  a  inhibitory  effect  on  collagen  production  while  at  low  powers  a 
stimulatory  effect  was  observed. 

The  mechanism  of  argon  laser  fusion  appears  to  be  collagen  to  collagen  bonding.  The  argon  laser  causes 
the  collagen  to  denature  or  unwind,  and  cooling  the  fusion  site  before  it  coagulates  causes  the  collagen  to 
renature  (recoil)  and  form  a  physiochemical  bond  of  crossl inkages . ®  The  thermal  findings  in  this  study 
support  this  hypothesis  since  welding  temperatures  were  in  the  range  at  which  collagen  denatures  (Tm= 
40-60”C)  and  the  maximum  temperature  of  48.8'^C  is  well  below  the  temperature  at  which  protein  coagulation 
occurs  {-70”C).^'^^ 

In  summary,  in  this  study  the  increased  temperature  induced  by  Argon  laser  fusion  did  not  have  a 
detrimental  effect  on  early  platelet  adhesion  compared  to  control  repairs,  and  indeed  there  was 
significantly  less  platelet  adhesion  to  the  laser  repair  site.  This  decrease  in  adhesion  appears  to  be  due 
to  the  lack  of  a  foreign  body  in  the  blood  stream  although  it  is  unclear  what  role  the  welding  mechanism  and 
laser  exposure  may  play  in  the  process. 


Cone lus ion 


We  conclude  that  argon  laser-assisted  welding  of  canine  vessels  occurs  at  temperatures  below  50'’C  and  may 
exhibit  numerous  advantages  over  conventional  suture  repair.  The  temperature  increase  induced  by  laser 
fusion  has  no  detrimental  effect  on  early  platelet  adherence.  In  fact,  the  lack  of  a  foreign  body  stimulus 
afforded  with  laser  welds  appears  to  sign  i  f  ic.ant  ly  lower  platelet  accumulation  when  compared  to  suture 
repairs.  Further  studies  are  needed  to  delineate  the  thermal,  photochemical  and  foreign  body  factors 
involved . 
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The  practice  of  Dentistry  is  changing  at  a  most  rapid  pace.  Since  the  advent  of 

bonding  (the  process  of  fusing  composite  resin  to  enamel  via  acid  etching)  the  day-in 
day-out  dental  treatment  in  most  practices  is  quite  different  than  that  of  just  ten  years 
ago.  Additionally,  the  decay  rate  in  young  individuals  is  fifty  percent  less  than  it  was 
twenty  years  ago.  Furthermore,  more  sophisticated  instrumentation  is  being  developed  for 
diagnosis  and,  even  now,  lasers  are  becoming  available. 

Twenty  years  ago,  numerous  investigators  tried  unsuccessfully  to  utilize  lasers  in 

performing  dental  procedures.  This  was  because  either  the  power  densities  were  too  high 
in  magnitude  or  the  units  themselves  were  too  large  to  be  practical. 

Today,  however,  the  picture  is  quite  different.  Ever  since  Einstein  discovered  the 
concept  of  stimulated  emission  in  1917  researchers  have  continued  to  explore  functional 
applications  for  this  energy.  Currently,  technology  and  computer  knowledge  bring  lasers 
into  a  position  which  shows  them  to  be  cost  effective  for  the  dental  profession.  The  main 

types  of  lasers  currently  used  in  dentistry  are  C02,  Argon,  and  YAG.  The  C02  has  been 

demonstrated  effective  in  caries  detection  and  in  soft  tissue  treatment  such  as 
gingivectomies  and  f renectomies .  The  Argon  has  demonstrated  utility  in  soft  tissue  work 
targeting  blood  vessels.  The  YAG  laser  has  functioned  well  for  endodontic  therapy  for 
sterilizing  canal  walls. 

In  order  for  the  practicing  dentist  to  feel  justified  in  purchsing  new  equipment  he/she 
must  be  able  to  offset  the  cost  of  overhead  by  the  generation  of  fees.  This  paper  reviews 
the  various  applications  of  lasers  ia  dentistry  that  make  them  practical  instruments  for 
the  future. 

One  of  the  main  benefits  of  the  C02  laser  in  dentistry  is  its  effect  upon  soft  tissue. 
This  ranges  from  a  photophysical  effect  which  is  immediate,  evidenced  by  either  vapori¬ 
zation  (ex.  excision)  or  thermal  (ex.  dehydrated  tissue),  to  a  host  response  which  is 
delayed  and  evidenced  by  necrosis  or  edema. 

These  soft  tissue  effects  have  been  clinically  applied  by  the  dental  profession  in 
treating  vascular  tumors  such  as  hemangiomas  of  the  tongue  and  lips.  Usually  these  types 
of  tumors  involve  serious  bleeding  and  sequela  which  have  been  shown  to  be  diminished 
greatly  by  the  coagulation  effects  of  the  laser.  Without  the  benefit  of  coagulation,  such 
surgeries  would  be  difficult  to  manage  and  could  cause  life-threatening  situations. 

The  current  position  of  lasers  in  dentistry  is  predicated  upon  its  history.  The 
following  review  of  past  dental  laser  applications  is  summar ' zed . 

In  1972,  Stern  (1)  showed  that  a  laser  may  be  beneficial  for  inhibiting  dental  caries 
formation.  He  used  a  superpulsed  C02  laser  on  human  enamel  and  found  that  it  caused  the 
enamel  to  be  more  resistent  to  caries.  It  appeared  that  the  laser  energy  modified  the 
enamel  by  increasing  the  concentration  of  the  inorganic  component  of  the  outer  enamel 
surface  by  vaporizing  off  some  of  the  organic  component.  This  resulted  in  recrystali- 
zation  which  could  be  seen  under  magnification. 

In  1985,  Sundstrom  (2)  from  Sweden,  used  the  laser  to  diagnose  the  dental  caries  by 
observing  a  luminescent  reflection  off  of  the  enamel  surface.  Rebrov  and  Zelenov  (3)  in 
1983,  from  Russia,  showed  successfully  how  lasers  could  be  used  to  weld  metal  structures 
of  clasps  on  removable  partial  dentures. 

In  1984,  a  Japanese  study  (4)  informed  us  that  the  laser  induced  chemical  changes  in 
the  bonding  state  of  hydroxyapatite  which  theoretically  would  help  to  decrease  decay 
potential.  Also,  during  this  same  year  Melcer  (5),  in  France,  reported  on  treating  decay 
with  a  C02  laser,  and  Leiberman  (6)  in  Israel  was  fusing  composite  resin  to  lased  enamel. 
Leiberman  found  that  composites  fused  in  this  manner  were  as  tightly  bound  to  the  tooth  as 
composites  which  were  acid-etched  bonded.  This  suggested  that  using  the  laser  would 
decrease  bonding  time  from  three  minutes  to  no  more  than  fifteen  seconds. 

A  year  later,  Antonson  and  Benedetto  (7)  reported  at  the  Annual  International 
Association  of  Dental  Research  Meeting  that  lasers  can  be  used  to  diagnose  enamel  fissural 
caries.  The  technique  uses  a  C02  laser  which,  when  used  at  about  2  watts  of  power, 
targets  higher  organic  areas  in  the  outer  layer  of  the  enamel.  These  zones  are  areas 
where  acidogenic  bacteria  have  demineralized  a  portion  of  the  enamel  leaving  a  more 
organic  zone.  The  laser  photovapor i zes  the  moisture  present  and  carbonizes  the  areas  with 
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higher  organic  concentrations.  On  the  tooth  surface  these  areas  appear  black.  This 
allows  the  dentist  to  easily  detect  carious  from  healthy  areas.  Without  the  laser,  the 
dentist  has  to  rely  upon  an  explorer  (small  dental  instrument)  to  probe  "soft"  areas. 
Where  it  "sticks"  the  diagnosis  is  made.  This  technique  h,.s  sev'eral  problems;  one  of 
which  is  that  the  diaqno.iis  is  dependent  upon  the  diameter  of  the  explorer  tine.  This 
dulls  ands  becomes  thicker  with  usage,  thus  changing  the  criteria  of  the  diagnosis.  Also, 
the  outer  surface  of  the  tooth  has  many  grooves  and  fissures  whose  parallel  walls  allow 
for  the  explorer  to  frictionally  lock  thus  giving  a  false  diagnosis.  Another  problem  with 
explorer  diagnosis  is  that  it  can  ootentially  cause  small  chipping  in  the  pjits  or  fissures 
that  was  not  present  initially.  The  laser  makes  the  process  more  objective,  and  at  the 
same  time,  allows  the  dental  profession  a  true  diagnosis,  of  demineralized  tootii  structure. 

Also  in  1985,  Stewart  (8)  successfully  attached  hydroxyapatite  to  a  tooth  to  act  as  a 
pit  and  fissure  sealant,  and  Myers  (9)  showeo  a  laser  could  debride  incipient  caries. 
Currently,  more  an  1  more  reports  are  surfacing  describing  other  dental  applications  for 
lasers . 

Until  recently  lasers  were  about  the  size  of  a  small  compact  car,  with  exotic  current 
and  external  coolant  requirements.  Today  lasers  are  available  which  are  about  the  size  of 
a  small  typewriter,  portable,  self-cooled  and  use  normal  115  volt  current.  For  example, 
Pfizer  Laser  Systems,  Irvine,  California,  has  a  contraangle  delivery  system  and  allows 
dentists  an  easy  transition  from  holding  a  traditional  dental  handpiece.  It  permits  a  C02 
beam  to  be  easily  targeted  to  almost  any  area  in  the  mouth.  No  longer  is  laser  delivery 
an  obstacle  for  dentistry,  on  the  contrary,  it  is  becoming  a  convenient  modality.  At  a 
time  when  there  is  a  high  concern  for  preventing  di  jease  transmission  in  the  dental 
environment  (AIDS,  Hepatitis,  herpes,  etc.)  the  laser  is  beneficial  since  no  instrument 
contact  occurs. 

Initially,  our  fust  experiences  using  a  laser  involved  using  extracted  teeth  for 
determining  dental  caries.  Next,  thawed  pig  jaws  provided  early  soft  tissue  surgery 
practice  for  performing  gingivectomies,  frenectomies  and  gingival  sulcus  deepening.  Th ' 
pig  jaw  is  a  very  accurate  laboratory  model  since  its  gingival  tissues  are  ab".ndant  and 
quite  similar  to  human  gingiva.  Additionally,  they  are  easy  to  procure  and  inexpensive. 

After  much  practice  in  the  laboratory  learning  all  of  the  laser's  safety  features, 
interlocks,  and  adjustments,  the  next  step  was  to  initiate  treatment  for  patients.  At 
first  the  authors  were  more  skeptical  than  the  patients.  The  patients  were  very  receptive 
and  sought  out  the  laser  technology.  It  is  interesting  to  note  that  the  "new"  and  the 
"sophisticated"  lends  itself  to  marketing  parameters.  After  a  short  patient  introduction 
to  the  laser,  and  after  securing  an  informed  consent,  small  fibromatous  lesions  were 
vaporized  under  local  anesthesia.  These  were  removed  efficiently  without  any  negative 
sequelae.  Patients  were  very  impressed  with  its  result.  Upon  recall  questioning, 
patients  noted  no  post-operative  discomfort.  Healing  was  excellent.  On  the  contrary, 
scalpel  blade  removal  of  these  small  lesions  normally  would  be  accompanied  by  continued 
bleeding  and  some  discomfort.  The  laser  experience  was  quite  positive. 

As  we  look  to  the  future,  some  of  tne  possible  dental  laser  applications  may  include: 

1)  Sterilization  of  instruments 

2)  Periodontal  surgery,  frenectomy 

3)  Sulcus  deepening 

4)  Fusion  of  porcelain  to  enamel  in  vivo 

5)  Polymerization  of  composites 

6)  Transilluraination 

7)  Melting  of  marginal  enamel  adjacent  to  margin  defects 

8)  Modification  of  surface  enamel  to  close  enamel  defects 

9)  Splitting  teeth  by  melting/fusing 

10)  Cavity  preparation,  caries  removal  and  tooth  structure  sterilization 

11)  Dentin  densensitization 

12)  Endodontics 

13)  Removing  ^he  smear  layer 

14)  Diagnoses 

15)  Osteotomy 

16)  Removal  of  root  tips 

17)  Heating  of  gutta  percha 

18)  Apicoectomies 

19)  Hemostasis 

20)  Welding  of  non-precious  alloys 

As  more  dental  laser  applications  are  made  known  to  the  dental  profession,  om^  area  of 
concern  needs  to  be  addressed.  This  involves  laser  safety  standards  for  dental  appli¬ 
cations.  A  protocol  needs  to  be  developed  and  internationally  distributed  alerting  dental 
personnel  of  laser  safety.  So  far  the  dental  profession  has  not  addressed  this  issu*'.  In 
the  advent  of  other  new  portable  C02  lasers  of  moderate  cost,  thf’  forward  thinking 
practitioner  will  be  considering  this  new  technology. 
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Abstract 

The  current  method  of  detection  of  tooth  decay  (caries)  is  highly  subjective  and  can 
yield  as  much  as  a  40%  error  in  caries  detection.  Laser  diagnostics  reveal  an  objective 
method  for  the  determination  of  caries. 


Introduction 


Normal  saliva  contains  numerous  types  of  bacteria  of  which  some  of  the  most  predominant 
are  cocci  and  filamentus.  Bacteria  such  as  streptococcus  or  lactobacillus  combine  with 
food  substrate  in  the  presence  of  food  nutrients  in  the  saliva  to  form  caries  (tooth 
decay).  The  primary  areas  where  caries  first  develops  are  in  the  pits  and  fissures  on  the 
occlusal  surfaces  of  teeth.  Dentists  routinely  diagnose  caries  by  loo)cing  intaorally  with 
a  mirror  and  an  explorer  at  the  visible  surfaces  of  teeth.  This  is  a  small  wor)cing  area 
in  which  good  visualization  is  needed. 

The  current  method  of  caries  detection  is  performed  by  employing  an  explorer.  The 
limiting  characteristics  of  caries  determination  by  explorer  are:  A)  Explorers  come  in 
different  sizes.  Caries  determinations  are  therefore  li.mited  by  the  thic)<ness  of  the  tine 
and  by  the  shape  of  the  walls  of  the  groove  being  investigated.  There  may  be  caries  at 
the  bottom  of  a  groove,  but  if  the  tine  is  physically  prevented  from  reaching  this  point 
due  to  the  narrowness  of  the  walls  of  the  groove,  then  the  caries  will  go  undetected.  B) 
Explorers  are  initially  sharp  and  become  dull  with  use  and  age.  This  can  ma)ce  them  as 
much  as  50%  less  accurate.  C)  Caries  detection  by  explorer  is  subjective.  Recent  studies 
( 1  )  have  shown  that  there  can  be  as  much  as  a  40%  error  in  caries  determination  by 
explorer.  One  of  the  charges  of  the  International  Symposium  on  Criteria  for  Placement  and 
Replacement  of  Restorations  which  recently  occured  was  to  find  more  accurate  and  reliable 
methodologies  for  caries  detection.  D)  A  tactile  judgement  is  required.  Occlusal  fissure 
caries,  as  defined  in  Sturdevant's  text  (2),  is  best  detected  when  an  explorer  tine  placed 
into  a  pit  or  fissure  provides  "tug-bac)<"  or  resistance  to  removal.  According  to  criteria 
defined  by  the  U.S.  Public  Health  Service  (3),  signs  of  decay  are:  a)  a  softening  at  the 
base  of  the  pit  or  fissure;  b)  an  opacity  surrounding  the  pit  or  fissure  indicating 
undermining  or  demineralization  of  the  enamel,  and  c)  softened  enamel  that  may  be  flalced 
away  by  the  explorer.  According  to  Gilmoie  (4),  the  diagnosis  for  occlusal  caries  is 
evident  if,  when  the  explorer  is  placed  into  grooves  and  pits,  soft  areas  are  found  and 
are  accompanied  by  chal)ty  enamel  or  staining,  or  if  the  tooth  structure  cannot  support  the 
weight  of  the  explorer.  Deep  pits,  parallel  grooves,  "Y”  junctures  can  cause  a  mechanical 
loc)^  which  yields  the  same  sensation  as  caries.  E)  A  final  point  for  consternation  is 
that  an  eight  dollar  instrument  is  used  for  the  diagnosis  of  treatment  which  has 
hundred(s)  dollar  implications. 


Materials  and  Methods 

Apparatus . 

A  brand  new  AM  Flex  #23  (American  Dental)  explorer  was  used  for  the  determination  of 
caries  by  explorer.  A  Pfizer  Laser  Systems* portable  C02  laser  with  contraangle  delivery 
was  used  for  the  determination  of  caries  by  laser. 

Procedures . 

This  study  included  seventy  recently  extracted  teeth  which  were  )cept  in  a  solution  of 
water  and  thymol  crystals  to  maintain  hydration  and  to  prevent  further  bacterialization. 
6X  mappinas  were  made  of  the  occlusal  surface  of  each  tooth.  The  teeth  were  then  sub¬ 
jected  to  caries  detection  by  explorer.  The  extent  and  locations  of  caries  of  each  tooth 
v/ere  ma.’')ted  on  the  appropriate  6X  map.  These  teeth  were  the  i  subjected  to  the  C02  laser 
at  4  watts  of  power  and  18  pulses  per  second.  The  extent  and  locations  of  caries  by  laser 
determination  were  also  noted  on  the  appropriate  6X  map.  The  agreement  and  discrepancies 
between  laser  and  explorer  were  then  compared. 


1051 


Results 


A  tooth  subjected  to  low  power  C02  'laixji  energy  would  retain  its  natural  coloration 
except  at  points  of  demineralization.  These  points  were  determined  to  be  caries  by  virtue 
of  the  carbonized  residue  which  remained  when  exposed  to  photovaporization  by  the  C02 
laser.  These  black  carbonized  area",  which  were  objectively  veiiiiable,  suggested  the 
location  of  caries.  There  was  a  70%  agree-Tent  in  th«’  data.  This  means  that,  70%  of  the 
time,  where  the  explorer  said  there  was  caries,  the  laser  determination  agreed  and  where 
the  explorer  said  there  was  no  caries,  the  laser  determination  agreed  that  there  was  no 
caries.  Conversely,  30%  of  the  time  there  was  disagreement.  Moreover,  8%  of  the  time, 
the  laser  found  caries  that  was  missed  by  the  explorer.  More  importantly,  22%  of  the 
time,  the  laser  found  areas  to  be  non-carious  which  were  determined  to  be  carious  by 
explorer . 


Discussion 


The  determination  of  caries  by  C02  laser  appears  to  have  several  advantages.  First  and 
foremost,  it  is  objective,  verifiable,  and  replicable.  This  will  permit  the  operator  to 
physically  demonstrate  to  his/her  patient  the  desired  treatment  plan.  This  will  serve  to 
improve  patient  satisfaction  and  confidence.  Additionally,  the  third  party  payers  would 
greatly  appreciate  objective  evidence  that  a  particular  restoration  was  needed.  A 
photograph  of  the  carious  lesion  can  be  placed  in  the  patient's  file  for  future  reference 
and  a  copy  can  be  sent  to  the  third  party  payer.  Second,  the  laser  method  is  more  rapid 
than  the  mechanical  method  (explorer).  This  will  save  the  operator 'a  valuable  time. 
Third,  it  suggests  a  more  conservative  treatment  plan.  The  laser,  finding  caries  less 
often  than  the  mechanical  method,  will  result  in  more  natural  tooth  structure  remaining 
and  less  restorations  being  performed  by  14%  (the  difference  between  8%  and  22%). 

Summary 

The  current  method  of  dental  examination  and  detection  of  tooth  decay  (caries)  consists 
of  "feeling"  the  tooth  with  a  metal  dental  instrument  (called  an  "explorer")  with  a  thin, 
curved,  sharply  pointed  tine.  This  method  is  highly  subjective  and  operator  dependent. 
Recent  studies  have  shown  that  there  is  as  much  as  a  40%  error  in  the  detection  of  caries. 
A  multitude  of  factors  are  involved:  clincial  experience,  search  strategy,  quality  of 
sensitive  touch  of  the  practitioner's  hand,  financial  need,  the  philosophy  of  the 
institution  where  the  practitioner  was  trained,  diameter  and  condition  of  the  explorer 
tine,  and  the  topography  of  the  tooth.  Non-carious  deep  pits,  parallel  grooves,  or 
y-shaped  junctures  can  all  give  the  subjective  sensation  of  being  carious. 

A  C02  laser  was  used  to  evaluate  seventy  human  teeth  for  the  presence  of  occlusal 
fissure  caries  to  determine  if  laser  technology  might  be  more  objective  than  conventional 
explorer  diagnosis.  After  explorer  diagnosis,  6X  mappings  of  each  tooth  were  made  with 
carious  zones  indicated.  Next,  the  teeth  were  lased,  and  where  black  zones  were  found 
indicating  caries,  these  were  compared  to  the  carious  zones  found  earlier  by  the  explorer. 
There  was  only  a  70%  agreement  between  methodologies.  The  laser  seemed  to  be  more 
conservative  in  diagnosis  than  the  explorer. 

The  use  of  a  new  method  of  objective  caries  determination  by  laser  yields  a  consistent, 
more  operator  independent  system  of  caries  detection.  In  this  double-blind  study  each  of 
seventy  tcct!.  were  examined  by  explorer  and  by  laser  and  independently  examined  for 
caries.  The  results  show  a  high  degree  of  inconsistency  between  laser  and  explorer 
determined  sites  of  caries.  This  correlates  with  the  aforementioned  40%  error. 
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Abstract 

Carbon  Dioxide  (C02)  lasers  have  been  used  in  soft  tissue  surgery  in  several  sites 
of  the  body  with  significant  success.  This  technique  has  certain  advantages  over 
conventional  surgical  approaches  vis  a'  vis  hemostasis,  enhanced  microsurgica 1 
capability,  and  a  reduction  in  postoperative  pain  and  inflammation.  One  problem  in 
laser  surgery  is  that  tissue  is  routinely  vaporized  leaving  no  biopsy  specimen,  or  if 
incisional  techniques  are  employed,  the  heat  generated  by  the  laser  can  produce 
unacceptable  artifacts  or  tissue  destruction.  Using  a  C02  laser  with  a  high  power 
density  achieved  by  laser  pulse,  we  are  able  to  obtain  excellent  specimens  with  minimal 
tissue  damage  or  specimen  artifact  while  still  preserving  the  benefits  of  laser 
surgery . 

Introduction 

Lasers  have  become  increasingly  valuable  tools  in  surgery  (1).  Several  types  of 
lasers  are  in  use,  matching  the  specific  characteristics  of  each  laser  type  to  the 
particular  surgical  need.  Currently  available  lasers  include:  ruby,  argon,  neodynium- 
YAG,  tuned  dye,  and,  of  course,  the  C02.  Various  lasers  have  various  advantages, 
including  ability  to  penetrate  tissue,  compatibility  with  fiberoptics,  and  selectivity 
of  destruction.  Though  the  C02  laser  has  none  of  these  capabilities,  it  has  certain 
characteristics  suited  to  soft  tissue  surgery.  It  is  capable  of  being  focused  into  a 
small  spot  with  maximal  energy  absorption  producing  tissue  vaporization  with  minimal 
effect  on  adjacent  tissue.  This  allows  for  precise  removal  of  soft  tissue  with  minimal 
inflammation.  Also,  the  laser  beam  can  produce  hemostasis  under  certain  conditions. 

Laser  surgery  has  been  extensively  used  in  various  organs.  Opthomology  has  made 
extensive  use  of  lasers,  utilizing  the  ability  to  penetrate  tissue  and  perform  internal 
alterations  with  minimal  damage.  Gynecology  and  otolaryngology  have  made  extensive  use 
of  the  laser.  Gastroenterology,  using  fiberoptic  devices,  has  begun  to  utilize  the 
laser  more  extensively,  along  with  many  other  fields  of  medicine.  Laser  surgery  in  the 

oral  cavity  offers  the  advantage  of  ease  of  approach  and  accessibility  (2). 

The  principle  of  C02  laser  surgery  is  that  a  maximum  power  density  for  a  minimum 
duration  minimizes  the  spread  of  heat  to  adjacent  tissue  (3).  Though  heat  spread  is 
sometimes  useful,  as  in  control  of  bleeding,  minimizing  the  spread  of  heat  will 
minimize  damage  to  adjacent  tissue.  The  less  damage  there  is  to  adjacent  tissue,  the 
less  inflammation,  postoperative  pain  and  delay  of  healing.  When  a  biopsy  is  taken, 

peripheral  damage  occurs  symmetrically  to  the  tissue  next  to  the  excision  and  to  the 

excised  site.  The  quality  of  the  biopsy,  therefore,  generally  reflects  the  peripheral 
damage.  Lasers  are  expected  to  create  heat  artifact  damage  and  fulgeration  similar  to 
electro-surgery,  but  more  limited  because  of  their  superior  control.  Using  a  C02  laser 
at  a  high  power  density  and  small  spot  size  along  with  spiked  pulse  mode  and  very  short 
pulses  should  minimize  the  amount  of  tissue  biopsy  artifact  and  the  amount  of 
postoperative  difficulty. 

Methods 


Fifteen  patients  have  had  surgery  for  various  conditions  involving  soft  tissue 
lesions  of  the  oral  cavity.  The  lesions  have  included:  hemangiomas  of  the  lips  and 
buccal  mucosa;  leukoplakic  lesions  of  the  buccal  mucosa  and  tongue;  epuli;  papillary 
hyperplasia;  and  periodontal  pyogenic  granuloma.  These  have  been  performed  on  an  out¬ 
patient  basis  under  local  anesthesia  on  non-medically  compromised  patients.  The 
lesions  were  excised  with  a  C02  laser.  Cooper  Model  870.  The  power  was  varied  between 
5  and  20  watts  using  either  a  repeat  spiked  pulse  beam  at  2  KHz  and  0.1  msec,  or  a 
continuous  beam.  Surgeries  wer'’  either  performed  using  a  handpiece  with  a  focusing 
guide  tip,  or  through  a  Zeiss  OMI-1  operating  microscope. 
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Two  general  approaches  were  employed  for  tissue  removal:  ablation  of  the  entire 
lesion,  or  excision  of  the  lesion  with  the  laser  with  retraction  of  the  specimen. 
Ablation  of  the  whole  lesion  generally  was  performed  unless  one  of  the  following 
conditions  existed:  histological  examination  of  the  tissue  was  required;  there  was  an 
operative  reason  not  to  cut  the  lesion  itself  (e.g.,  bleeding  from  the  hemangiomas); 
or  the  bull^  of  the  lesion  would  have  necessitated  excessive  laser  application  and  could 
be  performed  with  less  trauma  and  operating  time  by  the  latter  method  (e.g.,  transverse 
incision  across  the  stalk  of  a  pedunculated  epulis).  All  tissues  excised  were  fixed 
and  evaluated  for  pathology  and  tissue  damage  produced  by  the  laser. 

Results 

All  the  surgeries  have  been  performed  to  the  satisfaction  of  both  patient  and 
doctor.  No  operative  complications  have  occurred.  The  patients  have  all  tolerated  the 
procedure  well  and  found  it  minimally  stressful.  Bleeding  has  been  almost  entirely  pre¬ 
vented  with  either  the  continuous  or  pulsed  modes.  The  technique  for  excision  of  the 
hemangiomas  has  been  to  excise  the  lesion  by  attempting  to  cut  under  the  lesion  through 
normal  tissue  and  expose  the  feeder  vessels.  Once  these  are  exposed,  they  are  clamped, 
coagulated  by  slowly  heating  the  vessels  themselves  with  unfocused  laser  energy  (not 
the  clamp),  and  then  released  without  recourse  to  vessel  ligation.  The  clamp  was  used 
to  prevent  dissipation  of  heat  by  the  flowing  blood.  In  two  cases  the  excision  site 
was  left  open  to  granulate  in,  and  in  the  other  case  the  excision  was  sutured  closed. 
In  one  instance,  the  hemangioma  itself  was  perforated  by  the  laser  beam,  and  this 
produced  some  bleeding  in  the  operating  field.  This  bleeding  was  slowed  by  pressure 
application  and  cauterized  with  a  diffuse  laser  beam.  No  other  significant  bleeding 
was  noted  in  any  of  the  surgeries,  in  spite  of  the  fact  that  some  of  these  areas  are 
extremely  vascular  and  prone  to  bleeding.  As  an  example  of  the  potential  bleeding 
problems  in  these  fields,  we  had  difficulty  containing  the  bleeding  around  the  site  of 
injection  of  the  local  anesthesia  in  one  case,  but  no  bleeding  from  the  surgery. 

There  have  been  no  significant  post-operative  complications  from  the  laser  surg¬ 
eries,  nor  significant  post-operative  pain.  Most  of  the  patients  refused  post-operat¬ 
ive  analgesia.  Two  patients  received  a  single  dose  of  750  mg  aspirin.  One  patient  had 
no  post-operative  discomfort  for  two  days  after  surgery,  and  then  developed  an  infect¬ 
ion  because  of  self-inflicted  post-operative  trauma  (the  patient  bit  the  buccal  mucosa 
while  still  under  local  anesthesia)  and  had  to  use  analgesia.  There  was  no  post¬ 
operative  bleeding  even  though  almost  all  the  sites  were  left  open  and  no  vessels  were 
ligated.  In  the  case  of  the  periodontal  surgery,  no  protective  packing  was  employed 
(usually  needed  to  reduce  post-operative  sensitivity) . 

The  histological  findings  showed  little  damage  to  excised  specimens.  All  specimens 
were  adequate  for  pathological  diagnosis,  except  for  a  few  notable  limited  border  areas 
produced  by  certain  beam  protocols  where  about  0.1  mm  of  fulguration  artifact 
interfered  with  pathological  assessment.  The  quality  of  the  specimens  can  be  seen  in 
the  five  figures.  Note  the  well  preserved  cellular  structures  including  glands 
(Figures  3  &  4) ,  muscles  (Figure  2),  blood  vessels  (Figures  1,2,4  &  5),  etc.  Figure  1 
and  2  are  25  and  40  power  views  respectively  of  a  cavernous  hemangioma  excised  with  a  7 
watt  pulsed  beam.  Note  the  thin  darkened  border  in  Figure  1  which  represents  tissue 
coagulation  from  fulguration.  This  border  represents  less  than  0.1  mm  of  tissue 
damage.  This  tissue  is  loose  and  low  in  collagen  content.  In  Figure  2,  a  higher 
power  view  of  this  same  tissue,  note  that  the  fulguration  is  only  one  or  two  cells 
thick,  and  note  that  the  muscles  within  about  0.1  mm  of  the  incision  are  well  preserved 
and  there  histology  can  be  reliably  determined.  Figure  3  is  a  100  power  view  of  a 
periodontal  abscess  excised  with  a  15  watt  pulsed  beam.  The  incision  is  perfectly 
clear  and  sharp  with  no  sign  at  all  of  fulguration  or  tissue  coagulation.  The 
infammatory  cells  can  be  seen  clearly  in  the  center  of  the  field  and  the  epidermis  is 
well  defined.  These  figures  show  incisions  with  very  little  damage  and  maintenance  of 
clear  cellular  morphology.  These  sections  are  adequate  for  pathological  evaluation. 

Figures  4  and  5  are  25  and  100  power  views  from  an  epulis  excised  by  a  7  watt 
continuous  beam.  Two  major  differences  exist  between  this  sample  and  the  two 
previously  shown.  One  is  that  the  former  was  cut  with  a  continuous  beam  with  a 
constant  energy  output  as  opposed  to  an  intermittent  beam  with  the  "superpulsed"  or 
spiked  energy  output.  Also,  this  tissue  has  a  higher  collagen  content  than  the 
hemangioma  or  even  the  peridontal  abscess.  The  section  in  Figure  4  shows  a  cut 
downward  from  the  keratinized  epithelium,  through  a  very  fibrotic  area,  into  and  across 
a  looser  section  of  tissue  including  a  minor  salivary  gland  and  many  blood  vessels. 
Note  the  very  heavy  area  of  fulguration  at  the  site  of  incision  through  the  epidermis, 
and  the  significant  fulguration  even  through  the  less  dense  basilar  portion  of  the 
incision.  Note  that  the  minor  salivary  gland  right  near  the  site  of  the  incision  is 
preserved,  but  that  the  cellular  definition  around  the  incision  through  the  keratinized 
epithelium  is  vague  and  distorted.  Figure  5  shows  this  area  at  higher  power.  The 
fulguration  artifact  is  about  1mm  thick  here,  and  if  this  area  included  the  margin  of  a 
malignancy,  this  would  not  be  adequate  as  a  biopsy  sample. 
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Figure  1  Figure  2  Figure  3 

Figure  1 ■  Cavernous  hemangioma  excised  with  a  7  watt  pulsed  beam,  25  power 
view.  The  thin  darkened  border  represents  tissue  coagulation  from 
fulguration,  less  than  0.1  mm  thick.  This  tissue  is  loose  and  low  in 
collagen  content.  There  is  very  little  tissue  damage  shown  on  this  biopsy. 

The  biopsy  surface  represents  the  mirror  image  of  the  healing  surface  of  the 
incision  left  in  the  patient.  This  tissue,  therefore,  shows  very  little 
operative  trauma,  and  the  prediction  that  there  should  be  little  post¬ 
operative  pain  was  fulfilled. 

Figure  2.  A  40  power  view  of  the  same  incision.  This  shows  that  the 
fulguration  or  tissue  damage  was  only  one  or  two  cells  thick.  The  histology 
of  the  section  is  very  well  preserved  as  demonstrated  by  lack  of  damage  to 
the  muscles  within  about  0.1  mm  of  the  incision.  This  is  a  very 

satisfactory  histological  specimen. 

Figure  3.  A  periodontal  abcess  excised  with  a  15  watt  pulsed  beam,  100 
power.  The  incision  is  perfectly  clear  and  sharp  with  no  sign  at  all  of 
fulguration  artifact  coagulation.  The  infammatory  cells  can  be  seen  clearly 
in  the  center  of  th'^  field  and  the  epidermis  is  well  defined. 


Discussion 

This  report  demonstrates  that  a  spike  pulse  surgical  C02  laser  can  effectively  be 
used  for  biopsy  without  destroying  the  sample,  and  also  that  this  laser  produces  a 
minimum  amount  of  trauma  to  surrounding  tissue.  The  advantage  of  the  spike  pulse  laser 
is  that  a  maximum  energy  is  delivered  in  a  minimum  time  promoting  maximal  tissue 
vaporization  with  minimum  heat  conduction  (3).  The  tissue  at  the  target  exceeds  100 
degrees  centigrade  so  any  additional  energy  goes  into  tissue  vaporization  and  removal 
of  heat  from  the  surgical  site.  Since  the  spike  delivers  energy  only  for  a  very  short 
time,  less  than  100  microseconds,  at  many  times  the  average  power  density  (about  100 
watts  in  this  trial),  there  is  little  time  for  heat  to  spread  to  neighboring  tissue. 
This  prevents  damage  to  adjacent  tissue  and  prevents  the  release  of  chemical  mediators 
of  inflammation.  Biopsy  samples  demonstrate  the  paucity  of  peripheral  damage  inflicted 
on  excised  tissue  and  indicate  their  ability  to  be  read  by  pathologists.  They  also  can 
serve  as  measures  of  the  damage  done  to  the  surgical  site,  since  incision  leaves  two 
symmetrical  faces,  the  excised  face  and  the  remaining  surface.  This  report  does  not 
definitively  establish  whether  spike  pulse  laser  is  less  damaging  or  destructive  than 
flat  wave  delivery  because  direct  comparison  on  the  same  tissue  using  both  identical 
peak  and  mean  energies  (i.c.,  in  two  separate  studies)  were  not  preformed.  This  study 
does,  however,  demonstrate  that  lasers  can  be  effective  in  )iio{iHy  tccliniquc. 
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Figure  4  Figure  5 

Figure  4.  An  epulus  excised  by  a  7  watt  continuous  beam,  25  power.  Two 
major  differences  exist  between  this  sample  and  the  two  previously  shown: 
this  was  cut  with  a  continuous  beam  with  a  constant  energy  output  as  opposed 
to  an  intermitant  beam  with  the  "superpulsed"  or  spiked  energy  output;  and, 
this  tissue  has  a  much  higher  collagen  content  than  the  hemangioma  or  even 
the  peridontal  abscess.  This  shows  a  cut  downward  from  the  keratinized 
epithelium,  through  a  very  fibrotic  area,  into  and  across  a  looser  section 
of  tissue  including  a  minor  salivary  gland  and  many  blood  vessels.  Note  the 
very  heavy  area  of  fulguration  at  the  site  of  incision  through  the 
epidermis,  and  the  significant  fulguraticn  even  through  the  less  dense 
basilar  portion  of  the  incision.  Note  that  the  minor  salivary  gland  right 
near  the  site  of  the  incision  has  its  remains  well  preserved,  but  that  the 
cellular  definition  around  the  incision  through  the  keratinized  epithelium 
is  vague  and  distorted. 

Figure  5.  A  100  power  view  of  the  same  lesion.  The  fulguration  artifact  is 
about  Inun  thick  here,  and  if  this  area  included  the  margin  of  a  malignancy, 
this  would  not  be  adequate  as  a  biopsy  sample. 

The  patient  response  to  laser  surgery  has  been  excellent.  Patients  tolerate  the 
procedure  well  with  little  stress,  possibly  because  they  have  no  perception  of  the 
surgery  because  of  the  lack  of  pressure  sensation.  These  procedures  have  been  done 
under  local  anesthesia.  The  patients  have  reported  no  sensation  whatsoever  during  the 
procedure.  There  is  almost  no  postoperative  pain  from  this  procedure  or  other  more 
extensive  procedures.  The  most  postoperative  analgesic  used  by  patients  to  date  is  one 
dose  of  750  mg  aspirin.  It  has  been  suggested  that  the  laser  may  somehow  desensitize 
surrounding  nerve  endings,  but  no  definitive  evidence  has  as  yet  been  shown  for  this. 
The  pain  free  postoperative  course  may  be  due  instead  to  the  lack  of  chemical  signals 
for  inflammation  which  would  normally  sensitize  the  nerves  and  make  them  hyper¬ 
reactive.  The  amount  of  post-operative  discomfort  is  consistent  with  the  minimal 
histological  damage  done  to  the  incision  site  (assessed  by  the  opposing  face  of  the 
biopsy  sample) ,  so  possibly  no  additional  rationale  is  required  to  explain  the 
excellent  post-operative  course. 

This  report  shows  that  carbon  dioxide  lasers  currently  can  fulfill  a  clinical  role 
in  soft  tissue  out-patient  oral  surgery  and  yield  satisfactory  biopsy  samples  when 
required.  The  extent  of  the  role,  a  controlled  comparison  with  other  techniques,  the 
use  in  hard  tissue,  and  the  use  of  other  lasers  with  specific  properties,  all  require  a 
great  deal  of  study,  but  the  laser  can  routinely  be  employed  today  for  certain  oral 
surgical  procedures. 
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Abstract 


VV'e  have  studied  passive  mode-locking  of  the  .Ar* 
laser  using  the  saturable  absorber  R6G  in  f  ur  different 
regimes,  as  follows:  when  the  .Ar’  laser  operates  in  the 
colliding  pulse  mode-locking  (CPM)  configuration  (i)  with 
and  (ii)  without  double  mode-locking  (DML)  incorporated 
and  also  when  the  Ar^  laser  operates  in  the  “conven¬ 
tional”  configuration  (iii)  with  and  (iv)  without  doulile 
mode-locking  incorporated.  A  detailed  investigation  of 
the  .Ar”^  and  dye  laser  pulses  from  the  double  mode-locked 
Ar*-dye  laser  system  has  been  made  using  correlation 
measurements.  A  direct  display  of  a  67  psec  Ar^  pulse 
shape  is  measured.  In  addition,  we  review  a  technique  of 
generating  highly  synchronous  simultaneous  pulse  trains 
at  three  wavelengths,  two  of  which  are  continuously  tun¬ 
able  over  a  moderate  range,  which  we  call  triple  mode- 


locking. 


Introduction 


Passive  inode-locking  of  Ar'’"  laser  has  been  recently 
reported  [1-7].  In  tho.se  systems,  R6G  (a  dye  normally 
used  as  a  gain  medium  in  the  Ar'’'-pumped  dye  laser  sys¬ 
tem)  is  inserted  into  the  Ar"*  laser  cavity  as  a  saturable 
absorber  to  lock  the  Ar'’"  modes  passively.  The  mode- 
locked  Ar'*'  pulses  in  turn  mtra-cavity  pump  the  R6G 
laser  synchronously  to  generate  short  dye  laser  pulses 
[1 ,2,5-7].  However,  either  incompletely  mode-locked  dye 
laser  pulses  were  reported  [2,5j,  or  no  detailed  characteris¬ 
tics  of  the  dye  laser  pulses  were  given  [1,6,7|.  Some 
researchers  [3, 4, 6,7]  elaborated  more  extensively  on  the 
characteristics  of  the  Ar"*^  laser  pulses,  including  arranging 
the  Ar’'  laser  to  operate  in  the  CPM  regime  [4,0].  Their 
results  showed  relatively  broad  pulsewidths  [3,4,7],  as 
compared  to  those  from  an  actively  mode-locked  Ar^  sys¬ 
tem.  In  [6],  a  combination  of  double  and  colliding  pulse 
mode-locking  (DCPM)  of  the  Ar"*^  and  dye  lasers  was  pro¬ 
posed,  but  only  oscillographs  having  nsec  resolution  were 
reported. 

In  this  talk,  we  present  a  system  with  an  improved 
resonator  design,  while  still  using  R6G  as  a  saturable 
absorber,  which  allows  for  the  flexibility  to  work  in  four 
different  regimes.  (A)  The  Ar^  laser  is  in  the  “conven¬ 
tional”  configuration  and  the  saturable  absorber  is  lasing 
(DML)[l,2,5,7];  (B)  The  Ar”  laser  is  in  the  “conventional” 
configuration  without  DML  [3,4];  (C)  The  Ar”  laser  is  in 
the  CPM  configuration  without  DML  [4],  (D)  The  Ar” 
laser  is  in  the  CPM  configuration  with  DML  [6].  The  .Ar” 
and  dye  laser  pulses  in  each  case  are  fully  characterized, 
using  a  combination  of  correlation  measurements  and  a 
fast  photodiode.  The  measurements  show  both  stable 
tran.sform-limited  Ar”  pulse  trains  and  completely  mode- 
locked  dye  laser  pulse  trains  with  psec  duration.  In  tin- 


case  when  the  Ar‘  laser  is  operating  in  the  CPM  regime, 
w-e  are  able  to  generate  extremely  short  .Ar'  pulses  (<  67 
psec)  [8].  and  to  show  the  detailed  .Ar”  pulse  shape.  In  this 
talk,  we  also  show  the  pulsewidth  <lependence  on  cavity 
length  mismatch,  wavelength,  and  intracavity  bandwidth 
for  each  of  the  four  cases  outlined  above  [9]. 


Experimental  Set  ut 


The  .schematic  of  our  sy.stem  is  shown  in  Figure  I. 
Both  ends  of  a  Spectra-Physics  model  171  Ar”  laser  cavity 
were  extended,  new  mirrors  Ml,  M2,  M3,  and  M4  were 
positioned  in  such  a  way  so  as  to  include  the  dye  jet 
stream  Inside  the  Ar”  cavity.  Ml  wa.s  mounted  on  a  linear 
translation  stage  for  fine  adjustment  of  the  cavity  length, 
and  was  either  positioned  as  shown  so  that  the  dye  jet 
was  in  the  center  of  the  cavity  (cases  C  and  D),  or  posi¬ 
tioned  close  to  mirror  M2,  in  which  case  the  system  was 
not  operating  in  the  CPM  regime  (cases  A  and  B).  The 
Brewster  prism  shown  in  this  figure  maintains  operation  of 
the  Ar”  laser  at  5145  A  ,  and  also  directs  the  dye  laser 
beam  to  travel  in  its  own  cavity.  M5  was  a  7%  Ar”  out¬ 
put  coupler  with  R=oo.  Ml-M  l  were  coated  for  4.500-75(X) 
A  in  order  to  accommodate  both  the  Ar”  and  dye 
wavelengths,  and  M6  was  a  flat  high  reflector  used  to  re¬ 
direct  the  dye  laser  beam.  Various  single-plate  quartz 
birefringent  filters  of  different  thickness  were  positioned  at 
Brewster  angle,  permitting  dye  laser  operation  with 
different  bandwidths.  Wavelength  tuning  was  achieved  by 
rotation  of  the  intracavity  crystal.  The  flat  dye  laser  out¬ 
put  coupler  had  a  transmiasion  of  2-4%,  and  was  also 
mounted  on  a  linear  translation  stage,  such  that  the  dye 
laser  cavity  length  could  be  adjusted.  The  high-reflector 
focusing  mirrors  M2  and  M3  had  R=5  cm.  The  saturable 
absorber  was  a  jet  of  R6G  in  ethylene  glycol,  and  the  jet 
nozzle  was  a  modified  Coherent  Radiation  model  with  its 
thickness  reduced  to  about  100  pm. 

The  dye  laser  pulse  durations  were  monitored  by  a 
rapid-.scan  autocorrelator,  and  were  precisely  measured  by 
slow-scan  autocorrelation  using  KDP.  The  Ar”  pulses 
were  monitored  by  an  electronic  detection  system,  consist¬ 
ing  of  a  high  speed  photodiode,  a  sampling  scope,  and 
various  accessories.  The  impulse  response  of  the  electronic 
detection  .system  was  75  p.sec  FWHM,  characterized  using 
the  impulse-like  psec  dye  laser  pulses.  The  .Ar”  pulse 
durations  were  akso  measured  by  an  alternative  technique 
based  on  frequency  up-conversion  [lO].  The  Ar”  and  dye 
laser  beams  were  coHinear  and  mixed  in  a  3mm  thick 
KDP  crystal.  By  angle-tuning  the  crystal,  the  uj)- 
converted  signal  could  be  detected  when  both  pulses  ov-er- 
lapped  and  interacted  in  the  crystal.  The  uv  signal  is  pro¬ 
portional  to  the  product  of  the  instantaneous  power  of  the 
Ar  ”  and  dye  laser  pulses.  Therefore,  the  Ar  ”  pulse  shape 
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is  depicted  by  recording  the  up-converted  signal  as  a  func¬ 
tion  of  the  delay  between  the  Ar^  and  inipulsc-like  dye 
laser  pulses. 

Experimental  Results 

To  examine  ca.ses  A  and  B.  we  chose  a  system  very 
similar  to  that  shown  in  Figure  1,  but  with  mirror  Ml 
positioned  very  close  to  M2.  We  used  R6{^  as  the  satur¬ 
able  absorber  because  of  its  high  cross  section  at  the  .'>1  !.'> 
A  Ar^  line.  With  only  ethylene  glycol  in  the  jet  stream, 
the  (extended  cavity)  Ar^  output  was  cw,  as  expected.  .As 
we  added  and  increased  the  R6G  concentration,  the  Ar* 
laser  output  became  modulated,  as  monitored  by  our  elec¬ 
tronic  detection  system,  and  the  threshold  level  of  the  .Ar* 
laser  excitation  current  increased.  When  the  R6G  concen¬ 
tration  increased  further,  the  dye  laser  also  reached  thres¬ 
hold.  and  the  Ar^  laser  pulses  were  well  mode-locked. 
Similar  to  conventional  synchronous  pumping,  the  cavity 
lengths  of  both  Ar*^  and  dye  lasers  had  to  be  matched  to 
generate  the  shortest  pulses.  The  effects  of  cavity  length 
detuning  were  determined  experimentally,  as  shown  for 
case  A  in  Figure  2.  AL  (=1.^^,  -  =  0  indicates  the 

position  where  we  obtained  the  optimum  Ar^  pulses.  With 
minor  deviation  from  AL=  0,  both  the  Ar^  and  dye  laser 
pukses  could  adjust  themselves  either  forward  or  backward 
slightly  in  time,  to  conserve  their  pulse  shapes  at  each 
cavity  round-trip.  When  AL  was  increased  (AL  >  0),  the 
stimulated  emission  of  R6G  occurred  too  late  to  help  shor¬ 
ten  the  .Ar”^  puLses  effectively.  As  AL  decreased  (AL  <  0), 
the  dye  laser  pulses  were  forced  to  arrive  at  the  dye  jet 
too  early.  The  stimulated  emission  of  R6G  at  the  leading 
edge  of  the  Ar"^  pulses,  in  this  case,  perturbed  the  double 
mode-locking  mechanism,  causing  instability  of  the  Ar"^ 
laser.  This  helps  explain  the  asymmetry  of  the  curve  in 
Figure  2,  which  shows  more  tolerance  for  AL  >  0,  in  the 
sense  that  a  larger  cavity  length  mismatch  is  permitted 
before  pulse  instability  sets  in,  compared  to  AL  <  0. 

We  found  that  it  was  not  uncommon  to  have  incom¬ 
pletely  mode-locked  dye  laser  pulses  in  this  non-CPM 
regime,  as  reported  elsewhere  [2, .5],  The  dye  laser  was  tun¬ 
able  from  5660  A  to  5920  A  ,  when  AL  ^  0,  with  a  spec¬ 
tral  bandwidth  in  the  vicinity  of  1  ,A  ,  determined  by  both 
the  Brewster  prism  and  the  thickness  of  the  birefringent 
filter  plate.  When  the  dye  laser  beam  was  obstructed 
(case  B),  the  Ar^  laser  operated  in  a  purely  “conven¬ 
tional”  passive  mode-locking  regime,  where  the  ROfJ 
relaxation  time  (!=a  6  nsec)  was  not  short  enough  to  induce 
good  mode-locking,  and  an  Ar*  laser  pulse  train  of  only 
nsec  duration  was  obtained.  Another  disadvantage  of  the 
above  configuration  was  that  the  short  distance  V>etween 
the  dye  jet  and  the  end  mirror  Ml  did  not  allow  R6G 
enough  time  to  recover  its  absorbing  ability  prior  to 
encountering  the  reflecting  Ar*^  pulse  from  Ml.  Summanz- 
ing  thus  far,  in  cases  A  and  B,  the  Ar*  laser  operated  in 
the  “conventional”  passive  nnwle-locking  regime.  With  or 
without  DML,  this  system  was  inferior  to  tho.se  .systems 
using  the  traditional  synchronous  mode-locking  arrange¬ 
ment. 

We  improved  the  system  by  moving  the  end  mirror 
Ml  further  away  from  M2,  and  positioning  it  such  that 


the  dye  jot  was  in  the  center  of  the  .Ar'  laser  cavity,  i.e. 
the  Ar*  laser  operated  in  the  ('I’M  reglitie  [ll]  (cases  (' 
and  D).  The  advantages  tire  threefold.  Firstly,  the  two 
counterpropagating  Ar*  pulses  saturate  the  tibsorber  more 
effectively,  and  the  standing  wave  field  of  the  overla[ipitig 
pulses  further  reduce  the  lo.ss  in  the  strotigly  saturated 
regions  of  the  absorber,  allowing  for  higher  oiitiutl  cou¬ 
pling  of  the  Ar'*  laser.  Secondly,  only  otie  .Ar'  pulse 
saturates  the  .Ar*  plasma  tube  gain  at  any  given  titue  atiil 
gain  competition  is  minimal  since  the  pulse  inter-arrival 
time  in  the  Ar*  gain  medium  is  equal.  This  helps  to  max¬ 
imize  and  equalize  the  pulse  amplitudes,  increasltig  stabil¬ 
ity.  Thirdly,  reduction  of  the  .Ar*  pulse  duration  is 
expected  over  comparable  single-pul.se  lasers  [12]. 

We  started  again  with  only  ethyletie  glycol  in  the  jet 
stream,  and  added  the  R6G  gradually  until  the  dye  laser 
reached  threshold.  The  repetition  rate  of  the  Ar*  pulse 
train  was  monitored  to  ascertain  that  the  Ar*  laser  was, 
indeed,  operating  in  the  CBM  regime,  since  two  pulses  per 
round-trip  were  then  expected.  The  behavior  of  the  col¬ 
liding  pulse  mode-locked  Ar*  laser  without  double  mode¬ 
locking  was  first  examined  (case  C),  by  blocking  the  dye 
laser  beam.  Figure  .3  shows  the  Ar*  piilsewidth  depen¬ 
dence  on  ALcpm.  t-he  length  difference  between  the  two 
arms  L,  (VI 1  to  jet)  and  Lo  (jet  to  M5).  ALfpi^j  =  0 
corresponds  to  the  position  where  the  dye  jet  was  located 
exactly  in  the  center  of  the  Ar*  laser  cavity  and  where  the 
optimum  Ar*  pulses  were  obtained.  The  1.30  psec  FWHM 
Ar*  pulsewidth  actually  corresponds  to  105  psec  after 
deconvolution,  due  to  the  finite  response  time  (75  psec)  of 
the  detection  system.  This  is  the  minimum  pulsewidth  we 
found  for  case  C.  These  properties  were  quite  comparable 
to  those  previously  reported  in  [l],  where  their  Ar  pul¬ 
sewidth  was  determined  only  by  correlation  measure¬ 
ments.  As  shown  in  the  inset  oscillographs,  the  side  lobe 
after  the  main  Ar*  pulse  and  the  long  secondary  tail  (due 
to  the  slow  recovery  of  the  R6G  saturable  absorber)  were 
clearly  detected  by  our  electronic  detection  system, 
whereas  correlation  measurements  had  difficulty  rc.solving 
these  features  [d]. 

We  then  unblocked  the  dye  laser  beam,  obtaining 
double  mode-locking  (case  D).  With  precise  matching  of 
the  lengths  of  the  Ar*  and  dye  la.ser  cavities,  the  side  lobe 
and  the  secondary  tail  of  the  Ar*  pulse  were  eliminated. 
DML  also  helped  to  further  shorten  the  Ar*  pulsewidth. 
in  addition  to  providing  a  tunable  dye  laser  pulse  train 
with  psec  duration.  The  lasing  bandwidth  of  the  dye  laser 
was  varied  by  inserting  single-plate  quartz  birefringent 
filters  of  different  thicknesses.  The  tuning  range  of  the  dye 
laser  was  about  200  A  in  the  vicinity  of  .58(X)  A  (the 
emission  peak  of  R6G  in  ethylene  glycol  at  this  relatively 
low  concentration).  The  dye  laser  had  an  average  output 
power  of  20-30  mW  and  a  peak  power  of  ~  75  W. 
depending  on  the  operating  wavelength.  When  wc 
replaced  the  5. 46  mm  thick  single-plate  quartz 
birefringent  filler  by  an  1. ,36mm  thick  one.  the  dye  laser 
pulses  had  amplitude  substructure  d>ie  to  the  exces,s 
bandwidth,  which  indicates  the  phases  of  all  the  modes 
within  this  broadened  l,a.sing  bandwidth  were  not  locked 
together.  The  ,Ar‘  pulses  were  characterized  by  cross- 
correlating  them  with  the  5  psec  dye  laser  pulses,  a  tech- 
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nique  described  in  section  II.  Figure  d  shows  not  only  the 
Ar*"  pulsewidth  but  also  the  detailed  piilse  shap-  writli 
psec  resolution.  These  Ar*  pulsewidths  are  among  the 
shortest  reported  from  any  nuxle-loeked  .\r‘  la.ser  system, 
active  or  passive.  The  ,'\r^  pulse  shape  was  slightly  asym¬ 
metric,  with  a  sharper  leading  edge  (~  ItO.G  p.sec)  and  a 
longer  trailing  edge  (~  36. •(  psec),  each  sei)arately  lilting 
a  Gaussian  pulse  shape. 

The  spectral  bandwidth  of  the  Ar*  la.ser  was  6-7  CJHz 
[13],  corresponding  to  a  time-bandwidth  product  <  0..5, 
which  shows  the  Ar*  pulses  were  also  transform-limited. 
The  Ar^  laser  had  an  average  output  pow'er  f)f  90-120  niW 
and  a  peak  power  of  ~  20  \V.  depending  upon  the  ,\r' 
excitation  current.  .-Vdditional  Ar*  excitation  current  wits 
available,  so  it  was  po.s.sible  to  ii.se  higher  .-Vr*  la.ser  output 
cou()lers.  yielding  larger  output  powers.  The  system  per¬ 
formance  as  a  function  of  either  AI.  {=  l.jyp  -  or 

(=  L|  (Ml  to  jet)  -  Lo  (jet  to  M5))  was  deter¬ 
mined  experimentally.  The  dependence  of  the  .Vr'  and 
dye  hiscr  pulsewidths  on  AL.  when  ALe|>|^i  =  0.  is  show  n 
in  Figure  .5,  where  we  plot  the  .Ar'  aufl  dye  laser  piil- 
sewidths,  Atj^^^  and  At^^,p,  respectively,  as  a  function  of 
AL.  AL  =  0  corre.sponds  to  the  position  where  both  the 
.\r^  and  dye  laser  pulses  were  optimized  simultaneously. 
.As  shown  in  Figure  5,  the  ,Ar  *  and  dye  laser  pulsewidths 
remain  relatively  constant  over  a  mismatch  range  of  about 
2UU0  pin.  Figure  6  shows  the  dependence  of  these  pnl- 
sewidths  on  ALpp,.^.  when  AL  =  0.  Note  that,  by  incor¬ 
porating  both  CPM  and  double  mode-locking,  our  system 
was  very  insensitive  to  cavity  length  mismatch,  as  evi¬ 
denced  by  the  greatly  extended  “stable  region”  shown  in 
Figures  6  and  6,  as  compared  to  Figures  2  and  3. 

Discussion 

To  generate  mode-locked  Ar*  and  dye  laser  pulses, 
negative  gain  is  necessary  before  and  after  the  propaga¬ 
tion  pulse,  in  order  to  establish  a  stable  region  of  net  gain 
within  the  pulse  duration.  In  F'igure  7,  we  consider  the 
pulse  shortening  mechanism  qualitatively  [idj.  We  con¬ 
sider  here  the  situation  with  AL=0.  The  saturated  gain 
)  experienced  by  the  Ar^  laser  pulse  (solid  curve) 
remains  essentially  constant  as  the  pulse  (dashed  curve) 
travels  back  and  forth  in  the  standing-wave  cavity.  This 
is  due  to  the  relatively  long  Ar^  relaxation  time,  when 
compared  to  the  cavity  round-trip  lime.  The  Ar"*  pulse 
shaping  is,  thus,  primarily  due  to  the  nonlinear  saturation 
of  the  R6G  absorber,  L'^  (r).  represented  by  the  dash-dot 
curve.  As  shown  at  the  bottom  of  I’igure  7,  this  estab¬ 
lishes  a  region  of  net  gain  for  the  Ar^  pulse.  Hence,  the 
net  pre-pulse  gain  for  the  .Ar*  pulse  maintains  negative 
values  due  to  the  presence  of  R6G,  which  introduces  high 
nonlinear  los.s  at  low  laser  intensities.  The  net  gain  .after 
the  Ar  *  pulse  is  also  negative  due  to  the  stimulated  deple 
tion  of  the  Sj  state  of  R6(j  at  the  beginning  of  the  trailing 
edge  of  the  Ar*  pulse,  which  not  only  causes  a  rapid  res¬ 
toration  of  the  loss  (L'^*  (r))  for  the  Ar*  pulse  (leading  to 
compression  of  the  trailing  edge),  but  also  provides  syn¬ 
chronous  R6G  laser  pulses.  For  the  dye  la.ser  pulses,  the 
R6G  jet  (the  gain  medium  for  the  dye  laser)  is  intra¬ 
cavity  pumped  by  the  short  .Ar*  pulses.  A.s  shown  at  the 


top  of  Figure  7.  a  net  gain  region  for  the  dye  laser  pulses 
(occurring  twice  per  cavity  round-trip  in  our  standing- 
wave  conliguralion)  results  when  the  saturated  gain, 
G'*-''''(r)  (dash-dot  curve),  exceeds  its  linear  loss.  I/*'*’  (solid 
curve). 

Cieneration  of  picosecond  pulse  trains  at  two  tumdile 
dye  wavelengths  by  synchronous  pum|iing  has  been 
reported  previously  [15,16].  In  [15],  a  mode-locked  ,\r' 
laser  was  used  to  synchronously  pump  two  se[)arate  dye 
Lasers,  and  generated  .synchronized  picosecond  pulse  trains 
at  two  independently  tunable  wavelengths.  .Another  tech¬ 
nique  utilizes  internal  synchronous  pumping,  where  a  cw 
Ar*  laser  is  used  to  pump  a  double  mode-locked  cw  dye 
laser  system  [16],  and  dual-wavelength  pulse  trains  of 
picosecond  duration  are  obtaineil  from  the  same  cavity. 
The  latter  configuration  was  shown  to  have  better  syn¬ 
chronism  between  the  two  pulse  trains  [17|.  In  our  present 
.system,  by  adding  a  lasing  dye  as  the  saturable  absorber 
for  the  R6G  laser,  the  ,Ar*  pulses  would  be  synchronously 
pumping  a  double  mode-locked  dye  laser  internally,  thus 
generating  three  synchronized  pulse  trains  from  our  sys¬ 
tem,  two  of  which  arise  from  the  dye  laser  cavity  and  are 
tunable  over  a  moderate  range.  It  should  provide  even 
better  results  than  that  previously  reported  [18],  where 
the  Ar”  laser  was  not  operating  in  the  CPM  regime. 

Conclusions 

Studies  of  passive  mode-locking  of  the  ,Ar*  laser  by 
the  saturable  absorber  R6G  in  four  different  regimes  has 
been  presented.  Our  system  outperformed  similar  pas¬ 
sively  mode-locked  systems  [I-7j,  especially  in  the  ca.se 
where  the  Ar*  laser  was  in  the  CPM  regime  with  double 
mode-locking  incorporated.  It  provides  somewhat  broader 
dye  laser  pulses,  compared  to  those  from  traditional  syn¬ 
chronous  mode-locking  systems.  However,  it  eliminates  the 
use  of  sophisticated  and  expensive  equipment  needed  to 
generate  the  Ar*  pumping  pulses  actively.  Detailed  inves¬ 
tigation  of  both  the  Ar*  and  dye  la.ser  pulses  was  uniler- 
laken,  using  correlalion/photodiode  measurement  tech¬ 
niques.  An  actual  determination  of  the  .Ar*  pulse  shape 
with  psec  re.solution  wa.s  made.  High  repetition  rate  (% 
65  MHz)  synchronous  ,Ar*  and  dye  laser  pulse  trains  were 
reported.  It  is  the  first  system  to  generate  bandwidth- 
limited  Ar*  and  dye  laser  pulses  simultaneously. 
Parametric  studies  have  shed  light  on  some  of  the  funda¬ 
mental  mechanisms  involved  in  the  generation  of  ,Ar*  and 
dye  hiser  pulses.  They  also  indicate  the  system  was  rela¬ 
tively  insensitive  to  cavity  length  mismatch. 
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Abstract 


The  design,  performance,  and  characteristics  of  a  mode-locked  laser  with  effective  cavity 
length  for  5  to  21  meters  is  described.  The  pulse  to  pulse  spacing  of  the  pulse  train  is 
adjustable  from  about  35  to  140ns.  The  pulse  duration  was  measured  to  be  approximately  lOps 
for  the  early  pulses  in  the  train. 


Introduction 


Solid  state  modej-locked  lasers  have  been  used  for  many  years  for  investigating  nonlinear 
optical  phenomena.  In  a  conventional  mode-locked  laser  the  cavity  length,  ranges  from  I 
to  2  meters  due  to  available  limited  space  and  mechanical  stability.'  '  The  pulse 
separation  in  such  a  conventional  mode-locked  laser  is  between  5  to  10  nanoseconds.  For 
certain  situations  it  would  be  desirable  to  have  an  ultra-long  pulse  spacing  for 
applications  such  as  ranging  and  remote  sensing  to  mention  a  few.  To  produce  such  a  pulse 
train  requires  either  an  ultra-long  cavity  or  folding  of  a  cavity. 

This  paper  reports  on  a  mode-locked  laser  design  with  an  effective  cavity  length  from  5 
to  21  meters  with  overall  length  of  1.7  meters.  The  performance  and  characteristics  of  the 
laser  such  as  parameters  of  energy,  number  of  pulses,  length  of  train  and  stability  of  the 
cavity  is  presented. 


Experimental  Arrangement 

A  schematic  diagram  of  the  compact  design  is  shown  in  fig.  1.  A  Korad  K-1  laser  head 
equipped  with  (7  1/2"  x  3/8")  Brewster  angle  cut  neodymium  doped  silicate  rod  and  saturable 
absorber  cell  is  located  between  several  mirrors  making  up  the  cavity.  The  overall 
geometrical  length  of  the  laser  is  under  1.7  meters.  The  c^ity  contains  a  rear  mirror  (M, ) 
with  a  radius  of  curvature  of  1.5  meters,  three  spherical  optical  path  extender  mirrors 
to  )  each  with  a  radius  of  curvature  of  one  meter,  and  an  output  mirror  (M_).  The 
rear  mirror  and  optical  path  extender  mirrors  were  all  coated  for  100%  reflectivity  at  1.06 
urn.  The  output  mirror  (M^)  was  coated  for  65%  reflectivity.  The  mode-locked  dye  cell  was 
filled  with  Kodak  #9860  dye  dissolved  in  1 , 2-Dichloroethane  with  transmission  set  at  70%. 

The  pulse  train  length  and  spacing  was  measured  using  an  ultrafast  Hamamatsu  (C1083)  pin 
diode  coupled  to  a  Tektronix  519  oscilloscope.  The  pulse  duration  was  measured  with  a 
Hamamatsu  C979X  streak  camera  coupled  to  a  video  analyzer.  The  pulse  train  energy  for  each 
cavity  length  was  measured  using  a  Laser  Precision  Energy  meter  (RK-3230).  Shot  to  shot 
stability  of  the  laser  appeared  to  be  excellent  for  all  cavity  spacings. 

The  three  optical  path  extender  mirrors,  (Mj^  to  )  were  placed  between  the  back  mirror 
(M^)and  the  dye  cell.  This  provided  a  means  of  varying  the  optical  path  length  of  the 
cavity  without  changing  its  geometrical  length.  The  distance  between  the  mirrors  was  as 
follows:  M_  to  M.  was  set  at  1.7  meters,  M.  to  and  M,  to  M_  was  set  at  1  meter  each  and 

to  was  set  at  1.65  meters. 
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Figure  1.  Schematic  diagram  of  the  variable  cavity  length  Nd: glass  mode-locked  laser. 

By  adjusting  mirror  the  cavity  length  can  be  changed  in  4  meter  steps  corresponding 

to  approximately  13ns  per  step.  The  travel  time  for  a  pulse  through  the  beam  path  extender 
section  for  N  reflections  off  the  central  mirror  M2  is; 

T=  (2N+2)  L/C  (1) 

where  L  is  the  distance  between  mirrors  M.-M,  and  M2-M-.  The  path  length  was  measured  from 
the  pulse  trains  shown  in  Fig.  2  to  be  approximat^y '^5.25,  9.25,  13.25,  17.25,  and  21.25 
meters.  Figure  2  shows  the  oscilloscope  traces  of  the  pulse  train  for  various  number  of 
reflections  (N)  in  the  path  extender  section  fo"  1,  3,  5,  and  7  dots.  Each  dot  represents 
4,  8,  12  and  16  path-lengths. 


( a ) 


(b) 


( c  ) 


(d) 

Figure  2.  Oscilloscope  traces  of  retouched  photographs  of  mode-locked  pulses  emitted  from 
the  variable  cavity  length  laser  for  each  selectable  spacing  of  (a)  5.25  meters, 
(b)  9.25  meters,  (c)  13.25  meters,  and  (d)  17.25  meters. 

Pulse  to  pulse  spacings  can  easily  be  selected  in  steps  of  13.2ns  with  the  realignment 
of  only  one  mirror  (M^),  no  other  mirror  is  required  to  be  realigned.  For  longer  pulse 
separations  this  design  can  be  scaled.  With  this  cavity  design  we  achieved  a  long  optical 
path  length  in  a  short  geometrical  length  (1.7m)  thereby  minimizing  environment  and 
mechanical  effects  providing  a  very  stable  configuration. 
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Laser  thresholds,  pulse  to  pulse  time  spacing,  and  pulse  energies  with  respect  to  the 
number  of  passes  through  the  path  extender  mirrors  and  the  effective  optical  path  length 
are  summarized  in  table  1.  The  duration  of  a  pulse  early  in  the  train  is  lO.lps. 


TABLE  1:  LASETl  CHARACTEKISTICS  FOR  MULTIPLE  PASSES 


PASSES 

IN  PATH 

Effect ive 
Cavity  length 

1 

1 

Threshold 

j  Pulse  Separation 
i  Distance 

{N=) 

( meter  ) 

■ 

1 

(kV) 

1  (  ns  ) 

One 

5.25 

3.2 

i  35 

Three 

9.25 

T  " 

i 

3.8 

j  61 

i  88 

1 

1  Five 

13.25 

j 

4 . 1 

I  Seven 

17.25 

I 

4.4 

r  - . . 

j  Nine 

21.25 

T“ 

4.7 

1  140 

r 


( mj  ) 

4 - 

i  571 

"i'"'  '  " 

I  562 

1^550 

I  541 
1  375 


For  various  passes  through  the  path  extender  section  of  the  cavity  the  threshold  energy 
increased  slightly  from  3.2kV  to  4.7kV  while  the  output  energy  remained  fairly  constant  at 
about  550mj  with  the  exception  of  nine  passes  (N=9).  For  N=9  passes  one  of  the  reflections 
ran  off  the  edge  of  the  central  mirror  (M2)  resulting  in  a  decrease  in  energy  at  the 
output . 

The  pulse  train  length  was  found  to  be  extremely  stable  and  long  on  the  order  of  5us. 
This  was  attributed  to  the  high  stability  of  the  cavity  and  the  long  pulse  separation  which 
we  believe  allows  the  lasing  medium  ample  time  to  recover  between  successive  passes  of  the 
optical  pulse.  In  this  case,  the  oscillator  appears  as  an  amplifier  to  the  optical  pulse 
which  in  turn  is  overcoming  additional  loses  in  the  cavity  due  to  multiple  reflections  off 
of  each  mirror.  This  may  be  viewed  in  essence  as  a  "steady  state"  amplifier. 

In  summary,  the  overall  size  of  the  new  laser  design  is  1.7  meters  long  by  0.3  meters 
wide.  The  pulse  to  pulse  spacing  is  variable  from  approximately  35ns  to  140ns.  Train 
length  was  on  the  order  of  5us  with  about  100  pulses.  The  pulse  duration  of  early  pulses 
was  measured  to  be  lO.Sps.  The  stability  diagram  for  the  cavity  was  calculated  using  the 
matrix  method.  The  physical  size,  stability  and  the  elimination  of  devices  external  to  the 
cavity  are  clear  advantages  over  the  standard  two  mirror  cavity  designs.  Applications  may 
include  dynamical  remote  sensing  and  ranging  of  objects  through  the  modulation  of  the  pulse 
train . 

This  work  is  supported  by  Hamamatsu  Photonics  K.K. 
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DESIGN  OE  A  D  I  FEEKKN  1  I  Al.  MODE  HEIEKODYNE  I  NTERFEKOMETEK* 
Stt-phf.-j  Hubi-r 

Associate  Erolcssor  c)  I  Phvsics 
Bo  a  VO  r  Go  I  1  oi’.e 
(;i  CM  si  do,  PA  i'H»38 


Abst  r.ic l 

A  design  tor  a  diltorontiai  mode  aco«isti)-opt  ic  heterodyne  laser  i  nt  er  i'e  rome  t  e  r  is  presented.  The 
principle  theoretical  advantage  of  this  in l o r to romet e r  is  that  it  automat ical 1 y  cancels  unwanted  modulation 
interference  noise  generally  present  separately  ii)  each  tiie  reference  beam  and  frequency  shifted  beam  of 
the  acousto-optic  modulator.  1)  i  sadvant  a  ge  s  include  1)  a  more  complex  interferometer  design  including  the 
need  for  two  photodetectors  and  2)  the  output  signal  lias  a  more  cewplex  form.  An  application  of  this 
design  would  be  real  time  moiiitoring  and  analysis  of  surface  displacements  with  potential  sensitivity  on 
the  Angstrom  scale. 


Int  roduc  t ion 

The  heterodyne  mode  of  signil  detection  refers  to  a  techtiiqu^.  whereby  the  signal  field  to  be  measured  is 
combined  with  a  local  oscillaior  reference  field  of  slightly  different  frequency.  The  combined  ^field  is 
then  detected  with  an  appropriate  phot  ode  c  ec  t  or .  A  review  of  cliis  technique  is  readily  available. 

The  attractive  feature  of  heterodyne  detect  ioti  is  that  one  can  in  principle  achieve  a  signal  to  noise 
ratio  approaching  the  quantum  limit.  This  is  accomplished  by  increasing  Che  local  oscillator  reference 
field  strengthj  until  the  shot  noise  due  to  the  local  oscillator  current  dominates  over  any  ocher  noise 
contributions.  However,  there  are  instances  where  one  prefers  the  signal  strength  and  local  oscillator 
field  strength  to  be  approximately  equal.  A  case  in  point  is  the  microinterferorneCer  applications  of 
Scott,  Huber,  and  Sands.  Tiiese  m  ic  ro  i  nt  er  ferome  ters  arc  driven  by  a  frequency  stabilized  HeNe  laser  with 
and  acousto-optic  (A-0)  modulator  Co  produce  two  beams,  one  shifted  by  a  frequency  f^^  equal  Co  the  RF 
driving  frequc"  y  of  the  A-0  modulator.  A  typical  value  for  f^^  is  AO  MHz. 

Minimum  detectable  signal  levels  are  hampered  in  these  interferometers  by  the  reality  chat  the  two  beams 
produced  by  the  A-0  modulator  are  not  pure  single  sine  waves  but,  rather,  the  reference  beam  and  frequency 
shifted  beam  each  have  a  small  <imounc  of  AO  MHz  beat  signal  interference  “pollution"  perhaps  due  to 
scattering  of  a  fraction  of  the  shifted  signal  back  into  the  reference  beam  (and  vice  versa)  within  the  A-0 
crystal.  The  presence  of  this  beat  signal  in  each  of  the  two  beams  seriously  hampers  Che  ability  to 
achieve  theoretical  minimum  detectable  signal  levels. 

Therefore,  this  paper  proposes  a  differentia!  mode  microinterferorneCer  design  chat  overcomes  this  and 
other  noise  generation  problems  associated  with  interferometers  employing  techniques  with  approximately 
equal  signal  and  reference  field  level.s. 


Interferometer  Design 

Figure  I  shows  the  design  of  an  interferometer  where  all  noise  common  to  both  beams  is  in  principle 
greatly  reduced.  The  frequency  stabilize,  polarized  laser  beam  is  split  into  two  beams  shifted  in 
frequency  by  the  A-0  modulator  frequency  Each  of  these  beams  is  then  split  into  two  beams  of  equal 

intensity  using  beam  splitting  cubes.  We  now  have  four  beams  (labeled  1,2,3,  and  A)  at  our  disposal,  two 
of  which  are  shifted  by  the  A-0  modulator.  Unmodulated  reference  beam  (//2)  is  combined  with  modulated  beam 
(/M)  that  is  frequency  shifted  by  f  and  intercepted  by  pholodetector  /M  .  This  superimposed  beam  is  our 
new  reference  but  carries  the  unwanted  beat  frequency  ’’pollution"  present  in  beams  )  and  2.  The  other 
unmodulated  beam  (^/A)  is  reflected  from  a  sample  surf.n  ind  recombined  with  the  other  modulated  beam  ( )  . 
This  superimposed  beam  now  carries  please  variation  iru.  itsuition  from  displacements  in  the  sample  surface  as 
well  as  the  unwanfe'i  ’.''.it  frequency  "pollution”.  By  r..*/ersing  tlie  polarity  on  one  of  the  photodetector 
outputs  and  adding  to  the  other  photodetector  output  the  phase  variation  due  to  sample  displacements  can  Pe 
extracted.  Note  that  with  zero  input  phase  shift  due  to  null  displacement  at  the  sample  detection  location 
there  is  (in  principle)  zero  output  signal.  Hence,  we  have  a  differential  mode  of  signal  detection. 

•k 

Paten  t  Pend  ing 
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Schematic  Diagram  of 
Acousto-Optic  Heterodyne 
Laser  Interferometer 


Figure  1 
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Analys is  of  Interferometer  Output 

Assume  that  the  photodetectors  are  AC  coupled  so  that  only  the  time  varying  portion  of  the  fields  are 
detected.  Photodetector  #1  will  then  have  an  output  voltage  given  by 

y,  =  A,sin(<i)t)  +  8sjn(<ot+Sj)  ♦  Csm(c«)t+5,)  ( , ) 

where  the  first  term  on  the  right  represents  the  (intentional)  beat  frequency  due  to  the  recombination  of 
beams  I  and  3.  The  second  term  on  the  right  represents  the  unwanted  f^^  beat  noise  due  to  beam  I  and 
likewise  the  third  term  represents  the  f^^  beat  noise  due  to  beam  2. 

Likewise,  photodetector  #2  will  have  an  output  voltage  given  by 

y2  =  A2Sin({i)l+<l>)  +  Bsin(a»t+5j)  +  Csin((i)t+S^+(I>)  (2) 

where  the  first  term  on  the  right  represents  the  desired  beat  frequency  and  includes  the  time  dependent 
phase  shift 

<t>  =  <P(t)  (3) 

due  to  surface  displacements  at  the  sample  site.  The  second  term  on  the  right  represents  the  unwanted  f 
beat  noise  due  to  beam  3  and  likewise  the  third  term  represents  the  f^^^  beat  noise  due  to  beam  A.  The 
phase  shifts 

«!■  8,.  63,  6.,  (4) 

take  into  account  optical  path  length  differences  for  the  respective  beat  noises  upon  arrival  at  the 
respective  photodetector. 

When  these  voltage  signals  are  combined  after  reversing  polarity  on  the  photodetector  output  #1  one 
obtains 

y  =  y2-yi 

=  A2Sin((i>i+‘D)  *  Bsin(<iit+S3) »  Csin(ut+&/<l))  -  A|S’.n(ut)  -  -  Csin(ul+&j)  (5) 

The  amplitudes  A|  and  A2  can  be  controlled  prior  to  reception  by  the  photodetectors  such  that 

A)  =  A2  =  A  (6) 

Solving  for  Che  phase  signal  yields 


-1/  u  -  Bsin(<«)t+8J  +  Asin(wt)  +  BsinM+S.)  +  Csin((i)t+8,)  \ 

(P(t.)  =  sin  -  -  ut 

\  A  +  C 


If  the  modulation  frequency  f^^  is  on  the  order  of  40  MHz,  then  the  corresponding  beat  wavelength 
the  order  of  7.5  meters.  Then  phase  differences  for  the  beat  noises  present  will  be  nearly  equal, 
this  approximation  we  may  set 


S,  ^  8v  83=  6^;  0 


is  on 
Us  ing 

(8) 


Then  the  information  we  desire  is  given  by 


-1/  II 

(Pd)  =  Sin  —3 —  +  sinCwt)  -  wt 
\A  ♦  C 


This  result,  although  a  bit  cumbersome  can  be  readily  handled  with  an  FM  demodulator,  waveform  digitizer 
and  computer. 
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Summary 

The  interferometer  discussed  in  this  report  is  appropriate  for  real  time  monitorin^^  or  analysis  of 
surface  displacements.  Interrogation  of  mechanical  properties  of  complex  materials  suih  as  ceramie 
composites  with  surface  resolution  on  the  order  of  1  micron  is  aii  application  of  p<jrticular  intert'St. 
However.  applications  of  the  basic  design  can  be  quite  diverse.  This  i nt e r le rome te r  design  is  prcsentlv 
being  investigated  by  the  author.  Preliminary  results  suggest  that  further  development  is  appropriate. 
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Abstract 


The  measurement  of  rotations  is  an  old  mechanical  problem  ;  different  methods  have  been 
worked  out.  Often  optical  methods  are  used,  as  e.g.  in  shaft  encoders,  or  Moire  techniques 
More  recently  laser-  and  fibregyrcs  were  developed. 

In  this  paper  we  describe  an  alternative  approach.  We  build  a  '‘'ichelson  interferometer, 
in  which  one  of  the  mirrors  (or  both  of  them)  are  replaced  by  cornercubes  which  are  fixed 
to  the  rotating  table  ;  the  optical  pathlength  depends  on  the  angular  position  of  the  table 
Rotating  that  table  changes  the  pathlength,  so  the  interference  fringes  shift  ;  this  is  mea 
sured  by  a  counter.  With  this  set-up  it  is  possible  to  measure  angular  positions  with  an 
accuracy  of  lO”''  degree.  By  incorporating  an  up-down  counter  the  apparatus  is  insensitive 
to  vibrations.  Moreover  it  worked  well  even  if  the  distance  between  rotating  table  and  the 
instrument  is  up  to  4  meter. 


1.  Introduction 

Although  the  reasurement  of  rotations  is  a  mechanical  problem,  optical  methods  are  often 
used,  as  e.g.  in  optical  shaft  encoders  or  Moire  pattern  techniques.  V!e  present  here  a 
method  which  uses  only  off-the-shelf  lasers  and  optics,  and  which  gives  nevertheless  satis¬ 
factory  results  as  concerns  sensitivity,  easy  of  use,  and  insensitivity  to  parasitic  vibra¬ 
tions. 


2 .  Basic  set-up 

The  basic  idea  consists  in  using  a  Michelson  interferometer,  in  which  one  of  the  two  mir 
rors  is  replaced  by  a  black  box.  This  black  box  has  the  two  followino  properties  : 

a)  it  reflects  the  light  beam  back  on  itself. 

b)  the  box  can  rotate  around  a  vertical  axis  :  when  rotating,  the  optical  pathlength  in  the 
box  is  a  linear  function  of  the  angle  of  rotation. 

Because  of  property  (a)  an  interference  pattern  is  formed  at  the  screen  :  property  (b) 
implies  that  the  interference  pattern  shifts  during  the  rotation  of  the  black  box.  By  mea¬ 
suring  that  shift  one  can,  after  calibration,  calculate  the  rotation. 


3.  The  right-angle  prism  as  a  retroreflector 

The  black  box  is  realised  by  using  a  right-angle  prism,  as  shown  in  figure  1.  The  laser 
ray  is  sent,  via  a  beamsplitter,  to  that  prism  ;  the  reflected  beam  is  parallel  to  the  inco 
ming  ray  ;  it  is  then  reflected  on  a  fixed  perpendicular  mirror  M2.  Consequently,  that  ray 
follows  exactly  the  same  way  back  to  the  interferometer.  This  is  also  true  when  the  prism 
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Figure  1  :  Experimental  set-up  with  a  single  prism. 


is  rotated,  but  then  the  optical  pathlength  changes,  and  the  interference  pattern  shifts. 

In  order  to  calculate  that  shift,  consider  figure  2.  The  light  beam  enters  the  prism  in 
point  Do  ;  the  (vertical)  axis  of  rotation  is  situated  in  point  0.  By  geometrical  arguments 
one  can  show  that,  after  rotating  over  an  angle  d,  the  change  of  the  optical  path  is  given 
by 


AP  =  /?  an(cosa  -  1)  +  {^7  a  -  25  +  2y  tg  j)  sinfl 


(1) 


with  n  sina  =  sinfl. 

For  small  rotations  this  reduced  to 


AP  =  (/?  a  -  26)0  +  (y - )0^ 

n 

This  formula  shows  that  it  is  possible  to  improve  the  linearity  by  choosing 


(2) 


Only  third-order  deviations  from  linearity  remain,  and  they  are  negligible 
tions  . 


(3) 

for  small 


rota- 


C  Co 


Figure  2  :  Path  of  the  light  ray  before  and  after 
rotation  of  the  prism  :  the  axis  of  rotation  is  dis- 
plased  in  the  x-  and  y-directions. 


4.  The  balanced  set-up. 


An  improvement  of  the  previous  set-up  was  suggested  by  G.D.  Chapman  '  ,  and  is  shown  in 
figure  3.  The  light  beam  of  the  second  arm  is  also  send  to  the  rotating  table,  where  it  is 
reflected  by  a  second  right-angle  prism.  Because  of  the  symmetry,  both  the  linearity  and 
the  sensitivity  are  greatly  increased.  If  we  take  two  equal  prisms,  with  sides  a  and  dis¬ 
tance  between  them  equal  to  1,  the  change  of  the  optical  pathlength  can  be  shwon  to  be 

AP  =  2(/I  a  +  l)sin0  (4) 

It  turns  out  that  the  actual  position  of  the  axis  of  rotation  has  no  importance  :  one  alv.'ays 
finds  the  same  formula.  Because  formula  (4)  depends  only  on  the  sine  of  the  angle  and  net, 
as  formula  (1)  does,  on  other  trigeo metrical  functions,  the  linearity  of  (4)  for  small 
angles  is  better  than  the  linearity  of  (1).  Moreover  this  symmetrical  set-up  can  increase 
the  sensitivity  by  more  than  an  order  of  magnitude  ;  it  suffices  therefore  to  take  1  large 
enough . 


ROTATING  TABLE 

I - 1 


Figure  3  ;  Basic  set-up  with  two  prisms. 


5.  Experimental  verification. 

The  set-up  of  figure  3  was  realised  and  formula  (4)  was  checked  (figure  4).  Two  identi¬ 
cal  right-angle  prism'"  ,  with  sides  a  =  30  mm,  were  fixed  on  a  perspex  base  :  the  distance 
between  then  was  adjusted  at  1  =  48.2  mm,  in  order  to  obtain  10*  pulses  per  degree  of  rota¬ 
tion.  A  He-Ne  laser  was  used  as  light  source,  and  a  lens  diverges  the  beam  a  little  bit. 

The  shift  of  the  interference  pattern  was  measured  with  a  photodiode.  Each  time  the  pattern 


Figure  4  ;  Actual  set-up  of  the  experiment. 
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shifts  over  one  fringe,  the  diode  sees  a  pulse,  which  is  amplified  and  send  to  an  electronic 
counter.  The  number  of  pulses  N  is  related  to  the  change  in  optical  path  AP  by 


il  =  2AP/X 


(5) 


In  the  actual  set-up  two  photodiodes  were  used,  positioned  very  close  to  each  ether  (figure 
5).  Both  signals  were  send,  after  amplification,  to  a  logical  controller.  Roth  photodiodes 
see  the  same  number  of  pulses,  but  because  they  are  a  little  bit  separated,  there  is  a  sn'?ll 
phaseshift  between  the  two  signals.  The  sign  of  that  phaseshift  depends  on  the  direction  of 
movement  of  the  fringe  pattern,  and  consequently  on  the  direction  of  rotation.  The  logical 
controller  now  gives  each  of  the  pulses  a  plus  or  minus  sign,  depending  on  the  direction  of 
movement.  Those  pulses,  together  with  their  signs,  are  send  to  an  up-down  counter,  which 
counts  the  algebraic  sum  of  the  numbers.  This  set-up  reduced  the  spurious  pulses  generated 
by  vibrations.  Indeed,  vibrations  around  equilibrium  give  as  much  plus  pulses  as  minus  pul¬ 
ses,  and  consequently  no  net  result  is  measured  at  the  counter.  So  only  real  rotations  are 
measured  and  vibrations  are  neglected.  The  experimental  results  are  shown  in  f inure  6.  Fach 
experimental  point  is  the  average  of  20  measurements  :  the  relative  standard  deviation  o/M 
ranges  between  0.05  %  and  0.2  %. 


Figure  5  :  Actual  set-up  of  the 
measuring  head. 


Figure  6  :  Experimental  points  as  compa¬ 
red  to  the  theoretical  curve. 


6.  Conclusions. 

Measuring  small  angle  rotations  with  a  set-up  with  two  right-angle  prisms  is  a  simple  and 
accurate  method.  It  has  a  good  linearity  :  the  sensitivity  goes  down  to  lO""  degree  2x10"’ 
mrad  per  fringe,  and  it  is  insensitive  to  vibrations.  It  is  less  sensitive,  but'  easier  to 
align  and  easier  to  use  then  the  set-up  of  reference  2,  and  cheaper  then  the  instrument  of 
reference  3. 
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ABSTRACT 


Laser-excited  optical  fitter  concepts  in  which  blue  shift  or  red  shift  photons  are  presented.  We 
explore  theoretically  the  potential  performance  of  both  laser-excited  optical  filter  concepts. 


Quantum-limited,  wide  field-of-view,  narrow-bandwidth,  atomic  resonance  optical  filters  with  fast  temporal  responses 
are  needed  as  receivers  for  blue-green  underwater  optical  communications,  remote  sensing,  and  laser  radar.  The  atomic 
Rb  vapor  laser-excited  optical  filters  (LEOFs)  are,  in  principle,  electrically  tunable,  with  narrow  bandwidth  (0.001  nm),  a 
wide  field-of-view  (2  tc  steradians),  and  high  quantum  efficiency.  LEOFs  offer  simultaneously  the  resolution  of  a  Fabry- 
Perot  interferometer  and  an  ideal  field  of  view.  Thus,  these  devices  are  ideally  suited  for  extracting  weak  narrow  bandwidth 
signals  buried  in  strong  nonresonant  background  radiation. 

Narrow  bandwidth  operation  of  an  atomic  vapor  LEOF  was  first  demonstrated  by  Geibwachs  et  al,'^  Marling  ef  a/.,2 
and  more  recently  by  Chung  et  al.^A  Shay  and  ChungS  have  presented  a  theoretical  model  for  the  blue-shifting  LEOF. 
LEOFs  are  atomic  resonance  optical  filters  that  use  photon  absorption  from  the  first  excited  state  of  an  atom  to  a  higher 
lying  level  as  the  signal  transition.  To  achieve  efficient  and  selective  excitation  of  the  Rb(5p)  atoms,  a  narrow  bandwidth 
laser  is  used  as  the  pump  source.  Fortunately,  LEOFs  do  not  require  a  high-power  pump  laser;  on  the  contrary,  reliable, 
efficient,  low-power  semiconductor  lasers  have  been  used  to  pump  LEOFs.4,5  The  ability  of  LEOFs  to  be  pumped  by  diode 
lasers  demonstrates  the  practicality  of  these  optical  filters. 

The  filtering  process  consists  of  the  following  four  steps.  First,  limit  the  background  noise  spectrum  with  an  optical 
bandpass  fitter.  The  most  important  function  of  this  bandpass  filter  is  to  prevent  any  violet  (for  the  blue-shifting  LEOF)  or  red 
(for  the  red-shifting  LEOF)  noise  photons  from  entering  the  LEOF  cell.  The  second  step  consists  of  frequency  upshifting  the 
narrow  bandwidth  signal  photons  outside  the  residual  background  noise  spectrum  into  a  very  low  noise  region  of  the 
spectrum  (the  violet  or  infrared  region  of  the  spectrum)  by  using  a  Rb  LEOF  cell.  Third,  the  translated  photons  are  isolated 
from  the  residual  background  noise  by  an  optical  filter  that  blocks  the  unshifted  radiation  and  transmits  only  the  shifted 
radiation.  In  the  final  step,  the  shifted  signal  photons  are  detected  by  the  photodetector,  while  the  background  white  noise 
is  effectively  rejected  by  the  long  wavelength  stop  filter.  The  net  result  of  "sandwiching"  the  Rb  LEOF  cell  between  the 
optical  prefilter  and  the  optical  low-pass  filter  is  that  the  only  incident  light  that  is  detected  by  the  PMT  is  the  light  that  has 
been  shifted  through  the  quantum  absorption  process  in  the  Rb  LEOF. 

The  physics  of  the  narrow  bandwidth  frequency  shifting  process  in  the  Rb  LEOF  is  illustrated  in  Figs.  1  and  2  for  the 
blue-shifting  and  red-shifting  LEOFs,  respectively.  In  both  filters,  the  ground  state  Rb  atoms  are  excited  to  the  Rb(5p)  state 
by  the  absorption  of  diode  laser  photons.  The  frequency  shifting  occurs  when  the  signal  photons  are  absorbed  on  the 
Rb(5p2Pi/2  to  10s2Si/2)  at  532.4  nm.  When  the  Rb(IOs)  atoms  are  produced,  they  will,  in  the  absence  of  significant 
collisional  deactivation,  radiatively  decay  to  the  np  levels  (where  6  s  n  <  9)  by  emitting  infrared  photons.  At  this  point,  the 
operation  of  the  two  filter  concepts  differ.  For  the  red-shifting  LEOF,  the  infrared  photons  emitted  on  the  Rb(10s  -»  np) 
transitions  are  the  shifted  photons.  For  the  blue-shifting  LEOF,  the  infrared  photons  emitted  on  those  transitions  are 
ignored  and  the  subsequent  emission  of  frequency  translated  (violet)  photons  on  the  Rb(np  to  5s)  transitions.  These 
frequency  shifted  infrared  or  violet  photons  are  proportional  to  the  number  of  signal  photons  absorbed  and  are  typically 
wavelength  shifted  to  the  red  (blue)  by  more  than  800  nm  (100  nm).  Because  of  this  large  spectral  shift,  simple  color  glass 
filters  can  effectively  discriminate  between  shifted  signal  photons  and  unshifted  noise  photons.  Rb  LEOFs  are  based  upon 
an  atomic  absorption  process  that  is  intrinsically  isotropic  and  narrow  bandwidth,  and  hence,  LEOFs  are  inherently  wide 
field-of-view  (±90°)  and,  in  the  absence  of  collisional  broadening,  have  Doppler-broadened  linewidths  (~Ghz).  The 
response  time  of  this  532.4-nm  filter  is  determined  predominantly  by  the  radiative  lifetime  of  the  Rb(IOs)  level,  which  has 
been  calculated^  to  be  471  ns. 
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Fig.  1 .  A  partial  energy  diagram  of  Rb  indicating  the 
two  dominant  processes  for  the  blue  shifting 
LEOF  when  532-nm  photons  are  absorbed  in 
an  actively  pumped  Rb.  The  numbers  in  the 
parenthesis  correspond  to  the  quantum 
efficiency  of  emission  of  that  photon  per  signal 
photon  absorbed. 


TOTAL  QUANTUM  EFFICIENCY  .£,QE,s0.21 


Fig.  2.  A  partial  energy  diagram  of  Rb  indicating  the 
important  transitions  for  the  red-shifting  LEOF 
when  532.4-nm  photons  are  absorbed. 


The  intrinsic  quantum  efficiency  is  defined  as  the  number  of  infrared  (violet)  photons  emitted  per  blue-green  photon 
absorbed.  In  the  absence  of  collisional  deactivation  of  the  Rb  levels  of  interest,  the  intrinsic  quantum  efficiency  for  the  red- 
shifting  LEOF  is  simply  the  branching  ratio  for  the  Rb(10s  to  6p)  transition.  For  the  blue-shifting  LEOF,  there  is  more  than 
one  violet  transition  of  interest;  in  addition,  the  quantum  efficiency  is  the  product  of  a  two-step  process.  Therefore,  the 
intrinsic  quantum  efficiency  for  each  of  the  violet  np  to  5s  transitions  can  be  calculated  simply  from  the  products  of  the 
branching  ratios  of  the  Rb(10s  to  np)  and  the  respective  Rb(np  to  5s)  transitions  for  (6  <  n  <  9).6  The  total  blue-shifting 
LEOF  quantum  efficiency  (16%)  is  obtained  by  adding  the  quantum  efficiency  of  these  transitions. 

For  both  filters,  the  ideal  cell  quantum  efficiency  (IQE)  can  only  be  achieved  when  (1)  every  signal  photon  incident 
upon  the  Rb  cell  is  absorbed,  (2)  every  violet  photon  emitted  by  a  Rb  atom  escapes  from  the  cell,  and  (3)  collisional 
deactivation  of  the  excited  Rb  atoms  is  negligible  compared  to  radiative  decay.  In  a  practical  system,  these  assumptions 
may  not  be  strictly  valid.  In  general,  improved  filter  sensitivity  and/or  reduced  filter  pump  power  requires  designs 
approaching  those  limits.  Both  the  red-  and  blue-shifting  LEOFs  will  have  finite  signal  photon  absorption  and  will  violate 
some  of  the  assumptions  used  in  the  quantum  efficiency  calculations  as  the  ground  state  density,  nss,  is  increased. 

For  the  red-shifting  LEOF,  collisional  deactivation  of  the  Rb(IOs)  level  causes  a  reduction  in  quantum  efficiency. 
Assuming  that  the  collisional  deactivation  of  Rb(IOs)  occurs  predominantly  via  collisions  with  Rb(5s)  atoms,  we  can 
estimate  the  reduction  in  the  quantum  efficiency  due  to  collisional  quenching  of  the  Rb(IOs)  atoms.  The  collisional 
quenching  rates  for  the  Rb(IOs)  atoms  have  not  yet  been  measured.  Therefore,  I  have  calculated  a  quenching  cross 
section  for  Rb(IOs)  atoms  colliding  with  Rb(5s)  atoms  of  4.9  10-13  cm2,  using  the  formula  presented  by  Hugon  etal.J 
which  agrees  with  experimental  measurements  for  high-lying  Rb  levels.  Using  this  collision  cross  section,  the  quantum 
efficiency  will  be  decreased  by  10%  (-0.46  db)  and  by  50%  (-3  db)  for  nss  equal  to  1 .1 1  1012  cm-3  and  9.61  1013  cm-3. 
respectively.  Those  vapor  densities  occur  at  the  modest  cell  temperatures  of  1 1 3  and  1 52°C  respectively. 
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For  blue-shifting  LEOFs,  there  are  two  mechanisms  that  can  lead  to  reduced  quantum  efficiency,  the  quenching  that 
occurs  for  the  red-shifting  LEOF  and  for  large  diameter  cells  self-absorption  of  the  frequency  shifted  photons.  This  latter 
mechanism  is  unique  to  the  blue-shifted  filter  because  for  this  filter  the  frequency  shifted  photons  are  emitted  on  four 
resonance  transitions,  as  the  Rb  ground  state  atom  density  times  cell  radius  product  is  increased  the  fraction  of  the 
frequency  shifted  photons  that  escape  from  the  cell  decreases.  There  are  four  violet  resonance  transitions  and  the  cell 
transmission  for  each  transition  has  been  calculated  on  a  computer.  From  these  calculations,  the  escape  probability  of 
violet  photons  from  the  cell  is  decreased  by  10%  (-46  dbj  and  50%  (-3  db),  when  nss  equals  4.06  1012  cm-2  and  3.77  10i3 
cm-2,  respectively.5  For  small  diameter  cells  (r  -  1  cm),  the  operating  Rb(5s)  densities  exceed  the  densities  for  the  -0.46  db 
and  -3  db  points  for  collisional  quenching  given  in  the  previous  paragraph,  therefore  collisional  quenching  is  dominant  for 
small  diameter  cells.  Flowever,  for  large  diameter  cells  the  quantum  efficiency  will  be  limited  by  the  escape  probability  of 
violet  photons.  For  example,  a  cylindrical  blue-shifting  Rb  LEOF  cell  of  314  cm2  aperture  has  -0.46  db  and  3  db  points 
when  nss  equals  4.06  1011  cm-3  and  3.77  10t2  cm-3,  respectively.  Those  vapor  densities  correspond  to  operating 
temperatures  of  65  and  96°C,  respectively. 

Assuming  that  the  signal  photon  bandwidth  is  much  less  than  the  absorption  linewidth,  then  Beers  law  Eq.  (1),  can  be 
utilized  to  calculate  an  accurate  transmission  probability.  P(Xo).  for  the  signal  photons,  as  in 


P(Xo)  =  exp[-n5pO{Ao)d]  .  (1) 

where,  nsp  is  the  density  of  Rb(5p)  atoms,  o(Ao)  is  the  absorption  cross  section  for  the  signal  photons,  and  d  is  the  average 
distance  traveled  by  the  signal  photons  in  the  Rb  cell.  However,  the  shortest  distance  that  a  signal  photon  can  travel  and 
escape  from  the  cell  is  twice  the  cell  length,  namely  2L,  because  all  the  Rb  cell  walls,  except  for  the  entrance  window,  are 
highly  reflecting  at  the  signal  wavelength.5  Hence,  replacing  d  by  2L  guarantees  that  the  probability  of  absorption  of  signal 
photons  will  always  be  greater  than  or  equal  to  P(Xo).  Because  the  Rb(5p)  level  is  populated  by  the  absorption  of  pump 
laser  radiation,  the  required  laser  pump  power  is  set  by  defining  the  specific  value  of  the  transmission  probability  P(Xo)  for 
signal  photons  through  the  Rb  cell.  Thus.  P(Xo)  is  a  design  parameter  for  the  Rb  LEOF. 

Next,  we  need  to  evaluate  the  laser  pump  power  required  for  our  Rb  LEOF.  In  our  simplified  model  for  a  Rb  LEOF,  we 
make  the  following  assumptions;  (1)  radiative  loss  processes  are  the  dominant  decay  processes  for  Rb(5p)  atoms:  (2)  the 
Rb  cell  walls  have  a  fixed  reflectivity  Rp  at  the  pump  laser  wavelength  Xp;  and  (3)  the  Rb(5p)  population  is  uniformly  excited 
in  the  cell.  Under  those  conditions,  all  of  which  are  valid  for  the  millitorr  gas  pressures  of  a  Rb  LEOF,  we  only  need  to 
replace  the  Rb  pump  photons  that  escape  from  the  cell  volume.  Then,  the  laser  pump  power  required  for  a  LEOF  is  given 
in  Eq.  (2),  as  in 


Pl  =  (1-Rp)  nsp  Ljtr2  hvp  Aeff 


(2) 


where,  Ljir2  is  the  cell  volume,  hvp  is  the  energy  of  the  pump  laser  photons,  and  Aeff  is  the  Einstein’s  coefficient  for  the 
resonance-trapped  pumped  photons  in  the  Rb  cell.  For  a  Doppler-broadened  atomic  transition  and  a  long  cylindrical  cell, 
Holstein  and  BiebermanS-io  obtained  Eq.  (3),  for  Aeff,  as  in 


Aeff  = 


1 .6  X 


a(Xp)n5sr  jtln{o(Xp)  05/} 


1/2 


(3) 


where  Arad  is  fh©  Einstein  A  coefficient  for  Xp  photons.  Note,  that  Eq.  (2)  shows  that  the  Aeff  is  inversely  proportional  to  nssr, 
so  increasing  nssr  decreases  Aeff.  The  equation  for  the  laser  pump  power  required  per  unit  area  can  be  calculated  by 
using  Eqs.  (1),  (2),  and  (3)  yielding 


(1  -Rp)hVpA,a„x1.6 

CL 

2  orpins/ 

ji  In  j 

[o(Xp) 

"5/)j 

1/2 

o(Xo) 

On  the  right-hand  side  of  Eq.  (4),  there  are  only  three  variables  that  we  can  change.  P(Xo)  which  is  a  design  point  for 
the  filter,  Rp  the  reflectivity  of  the  cell  walls  at  the  pump  wavelength  (which  you  want  as  high  as  possible),  and  nssr,  the 
product  of  the  Rb(5s)  density  and  cell  radius.  In  practice,  P(Xo)  and  Rp  are  fixed  and  only  nssr  can  be  varied  to  reduce  the 
required  pump  power.  Therefore,  the  higher  nsgr  the  lower  the  pump  power  required. 
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The  pump  power  required  can  be  calculated  from  Eq.  (4).  given  Arad,  nssr,  Rp,  and  the  pump  and  signal  transition 
absorption  cross  sections.  For  our  example  calculations,  we  will  assume  that  Rp  =  0.96  and  P(Xo)  =  0.1 .  For  small  diameter 
cells  { r  =  1  cm)  both  the  red  and  blue  shifting  filter  are  limited  by  quenching  of  the  Rb(IOs)  atoms  therefore  the  ground-state 
atom  density  is  limited  to  1.12  1012  cm-3  (-0.46  db  point)  or9.51  1013  cm-3  (-3  db  point).  These  vapor  densities 
correspond  to  1 13  and  152°C,  respectively.  From  Eq.  (4),  the  required  pump  powers  per  square  centimeter  of  cell  aperture 
are  622  mW/cm2  and  4.3  mW/cm2,  respectively,  for  a  cell  with  1  cm  radius.  For  a  1 0-cm  radius  cell,  the  red-shifted  filter  is 
still  limited  by  quenching  of  the  Rb(10s)  atoms  from  Eq.  (4).  We  have  calculated  required  pump  powers  of  3.4  mW/cm2  and 
0.36  mW/cm2  for  the  -0.46  db  and  -3  db  operating  points.  For  a  1 0-cm  radius  blue-shifting  filter,  the  optical  density  of  the 
self-absorption  of  the  resonance  transitions  limits  nssr;  then  from  Eq.  (4),  we  calculate  125  mW/cm2  and  10.8  mW/cm2  for 
the  3  db  points  of  this  filter.  These  ground-state  atom  densities  correspond  to  temperatures  of  66  and  96°C,  respectively. 

The  response  time  of  both  filter  concepts  are  predominantly  determined  by  the  radiative  lifetime  of  the  Rb(IOs)  level. 
The  quantum  efficiency  is  determined  by  the  Doppler  width  of  the  signal  transition  and  hence  is  almost  identical  for  both 
filter  concepts  (~1  GHz).  The  quantum  efficiency  of  the  red-shifted  filter  is  slightly  higher  (21%)  than  the  quantum  efficiency 
of  the  blue-shifted  filter  (1 6%).  The  laser  pump  power  required  for  filter  concepts  is  the  same  for  small  cell  diameters 
(~1  cm  or  less).  While  for  large  diameter  cells  (20  cm  ),  the  required  pump  power  decreases  with  cell  aperture  for  the  red- 
shifting  filter  and  stays  constant  for  the  blue  shifting  filter.  The  operating  temperature  for  large  diameter  cells  is  consider¬ 
ably  lower  for  the  blue-shifting  concept.  The  main  advantage  of  the  blue-shifting  filter  is  that  sensitive  low  noise  photo¬ 
multiplier  tubes  can  be  used  to  detect  the  shifted  photons  whereas,  the  red-shifting  filter  must  use  photodiodes  that  do  not 
have  the  internal  gain  of  a  photomultiplier. 

In  summary,  the  red-  and  blue-shifting  LEOF  concepts  have  been  compared.  We  find  that  the  largest  difference 
between  the  two  concepts  is  due  to  the  different  scaling  of  pump  power  per  square  centimeter  of  aperture  with  ce!l  '•adius 
for  large  diameter  cells.  The  processes  limiting  the  quantum  efficiency  of  both  of  these  filters  have  been  discussed.  The 
blue  shifting  LEOF  reaches  a  constant  pump  power  per  square  centimeter  of  aperture  large  diameter  cells,  while  the  red- 
shifting  LEOF  sees  a  reduction  in  required  pump  power  per  unit  area  as  the  cell  radius  is  increased.  In  applications  where 
the  ultimate  in  system  sensitivity  is  required,  the  blue-shifting  concept  will  be  superior.  In  applications  that  have  strong 
background  noise  and  also  require  large  apertures,  the  red-shifted  filter  requires  lower  pump  power. 
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Abstract 

A  Rubidium  narrow  bandwidth  optical  filter  is  being  investigated  as  a  device  for  detecting  weak  narrow  bandwidth  radia¬ 
tion.  In  our  configuration,  the  optical  filter  is  actively  pumped  (or  laser  excited,  i.e.,  LEOF).  This  configuration  has  a  major  in¬ 
herent  advantage  over  a  passive  optical  filter,  namely,  wavelength  versatility.  One  possible  limitation  to  the  Rb  LEOF  is  due 
to  an  intrinsic  noise  source  caused  by  the  energy  pooling  of  Rb  5p  atoms  which  are  produced  by  the  pump  laser.  This  pro¬ 
cess,  i.e.. 


Rb  (5p)  +  Rb  (5p)  Rb  {5d)  +  [Rb  (5s)]  ^  Rb  (6p) 

produces  Rb  atoms  in  the  6p  state  which  subsequently  emit  radiation  within  the  bandwidth  of  the  detection  channel 
(420-323  nm).  Hence,  this  constitutes  a  noise  process  since  photons  are  produced  at  the  detector  in  the  absence  of  narrow 
bandwidth  "signal"  radiation.  Herein,  we  present  preliminary  results  on  kinetic  studies  of  the  energy  pooling  process  with  the 
ultimate  goal  of  quantifying  the  process  (rate  constant  determination)  and  thus  assessing  its  implications. 

Introduction 

Narrow  bandwidth  optical  filters  are  being  investigated  as  de>/ices  for  detecting  weak,  narrow  bandwidth  radiation. 
These  filters  can  effectively  reject  both  strong  continuum  radiation  ar.d  strong  narrow  bandwidth  radiation  such  as  laser  light. 
Potential  applications  of  these  filters  can  be  found  in  laser  communications,  laser  radar,  and  remote  sensing.  We  have  cho¬ 
sen  to  investigate  the  characteristics  of  an  actively  pumped  (laser-excited)  optical  filter  (LEOF)  using  Rb  as  the  atomic  medi¬ 
um. 


The  filtering  process  is  a  consequence  of  several  steps.  First,  the  incident  signal  radi'  tion  (what  you  want  to  detect) 
along  with  the  background  radiation  is  transmitted  through  a  bandpass  filter  limiting  the  transmitted  frequency  range  to  l(u)  ± 
Au  where  l(u)  is  the  frequency  of  the  signal  laser  and  ±  Au  are  the  ci'.off  points  of  the  bandpass  filter.  The  main  purpose  of 
the  bandpass  filter  is  to  eliminate  any  violet  backnround  photons  from  entering  the  Rb  cell.  I(\)  ±  Av)  is  then  allowed  to  tra¬ 
verse  a  heated  cell  containing  Rb  vapor  in  which  t  ie  5s  ->  5p  transition  has  been  pumped  by  a  diode  laser  (see  Fig.  l).  The 
signal  laser  is  set  to  frequency  match  one  of  the  5p  ->  ns  transitions.  The  prepared  ns  level  subsequently  decays  to  the  np 
levels  which,  in  turn,  fluoresce  to  the  ground  state.  The  photons  emitted  from  the  np  state  are  in  the  420-  to  323-nm  wave¬ 
length  range.  This  fluorescence  is  then  passed  through  a  long  wavelength  stop  filter  and  allowed  to  impinge  upon  a  photo¬ 
detector.  Thus,  the  only  light  hitting  the  photodetector  is  resultant  from  the  initial  signal  laser  frequency.  The  bandwidth  is 
limited  by  the  Doppler  width  of  the  atomic  Rb  absorption  lines. 

We  are  particularly  concerned  with  the  fundamental  noise  processes  in  the  Rb  LEOF.  Noise  in  a  LEOF  arises  from  any 
process  that  produces  photons  at  the  detector  when  there  is  no  signal  present.  Intrinsic  noise  produced  in  the  Rb  filter  could 
limit  the  sensitivity  of  these  devices.  Therefore,  it  is  important  to  identify  and  measure  these  processes.  In  the  Rb  LEOF,  the 
intrinsic  noise  processes  are  collision-induced  noise  and  blackbody  noise.  It  has  been  shown  that  blackbody  noise  may  be 
taken  as  negligible.^ 

The  following  reactions  are  of  interest 


Rb  (5p3/2)  +  Rb  (5P3/2)  ^  Rb  (5d)  +  Rb  (5s) 

(1) 

Rb  (5d)  Rb  (6p)  +  hu^ 

(2) 
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Rb  (6p)  Rb  (5s)  +  hu42o  nm 


(3) 


In  the  energy  pooling  process  (1 )  Rb  (Sd)  atoms  are  produced  which  subsequently  decay  to  the  Rb  (6p)  or  Rb  {5p)  lev¬ 
els.  The  fraction  of  the  decay  which  occurs  to  the  Rb  (6p)  level  contributes  to  the  intrinsic  noise  of  the  LEOF  filter  since 
about  half  of  the  filter's  quantum  efficiency  is  produced  by  photons  at  420  nm.  We  are  interested,  therefore,  in  measuring  the 
rate  constant  for  Reaction  (1).  Although  there  is  one  measurement  of  the  rate  constant  which  has  been  reported  in  the  litera¬ 
ture,^  we  feel  that  this  result  io  potentially  high  in  error  as  the  result  is  dependent  upon  a  theoretical  ionization  cross  section. 
It  should  be  noted  that  these  experiments  are  very  difficult  and  the  results  obtained  by  the  authors  in  Reference  2  represent 
a  very  significant  contribution  to  the  understanding  of  the  energy  pooling  processes  in  Rb. 

Experimental 

The  experiment  consists  of  pumping  a  heated  Pyrex  cell  (80  -  250°C,  10  cm  in  length)  containing  Rb  metal  in  a  counter- 
propagating  fashion  using  a  diode  laser  (Hitachi  7802E)  and  an  Ar'*'  pumped  cw  ring  dye  laser  (Coherent  699).  The  frequen¬ 
cy  stabilized  diode  laser^  produces  photons  at  780.244  ±  0.005  nm,  which  pump  one  of  the  hyperfine  components  of  the 
5s  5p  transition.  The  0P3/2  level  is  then  pumped  by  the  ring  dye  laser  to  a  higher  excited  state  (e.g.,  the  5d  level).  Fluo¬ 
rescence  from  excited  states  is  then  collected  at  a  right  angle  relative  to  the  laser  beams  either  through  a  monochromator  or 
through  an  interference  filter,  detected  by  a  photomultiplier  tube,  and  electronically  processed. 

Rppults  and  Discussion 

Our  initial  objective  was  to  obtain  information  on  the  energy  pooling  process.  The  energy  pooling  process  for  which  the 
energy  defect  is  the  smallest  is 

Rb  (5p3y2)  +  Rb  (5p3/2)  +  70  cm’’  Rb  (5d)  +  Rb  (5s)  (4) 

We  have  chosen  to  quantify  this  p-'ocess  initially  as  a  worst  case  scenario.  In  actual  practice,  one  would  choose  to  pump  the 
5p3/2  state  (795  nm)  as  the  energy  defect  for  the  reaction 

Rb  (5p.|/2)  +  Rb(5p.|/2)  545  cm’^  -»  Rb  (5d)  +  Rb  (5s)  (5) 

is  much  greater  than  for  Reaction  (4).  The  laser  diode,  operating  at  10  MW  is  used  to  excite  the  5P3/2  state.  Evidence  for 
the  energy  cooling  process  is  observed  at  operational  temperatures  of  T  >  390  K.  This  evidence  is  in  the  form  of  fluores¬ 
cence  that  originates  from  higher  (than  5p)  excited  state  levels.  The  following  transitions  have  been  observed 


Rb  (5d3/2) 

Rb  (5p^/2)  (762.1  nm) 

(6) 

Rb  (5d3/2) 

Rb  (5p3^2)  (776.2  nm) 

(7) 

Rb  (5d5/2) 

Rb  (5p3^2)  (776.0  nm) 

(8) 

Rb  (6P3/2) 

->  Rb  (5s.,^2)  (420.3  nm) 

(9) 

Rb  (6p^/2> 

Rb  (5s.,, 2>  (421.7  nm) 

(10) 

In  agreement  with  a  previous  study,^  we  found  no  evidence  for  fluorescence  from  any  levels  lying  at  higher  energy  than 
the  5d  level.  The  energy  defects  for  these  levels  are  apparently  too  great  (>670  cm"'').  Observations  of  fluorescence  from 
levels  originating  below  the  5d  level  (e.g.,  6p)  is  assumed  to  arise  from  a  radiation  cascading  process  (from  5d)  and  not  an 

energy  pooling  process  as  the  energy  defect  is  probably  too  great.^ 

A  xording  to  Reaction  (1),  the  density  of  the  5d  level  varies  as  Rb  [Spg,,].^  Below  (Fig.  2),  we  have  plotted  the  pressure 
(number  density)  as  a  function  of  square  root  of  the  observed  signal  intensity  (fluorescence  from  the  6p  level  to  ’he  5s  level, 
i.e.,  421nm)  for  the  case  in  which  only  the  diode  laser  is  used  (to  excite  the  5p3/2  level).  We  have  also  plotted  (Fig.  3)  the 
square  root  of  the  signal  intensity  vs  the  780  nm  laser  intensity  at  a  given  temperature  (pressure).  In  each  case  a  straight 
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line  is  observed,  as  expected  from  the  kinetics  of  the  system.  Thus,  we  have  further  evidence  of  the  observation  of  the  ener¬ 
gy  pooling  process. 

Our  next  objective  is  to  determine  the  rate  coefficient  for  Reaction  (1)  to  a  high  degree  of  accuracy.  This  will  be  accom¬ 
plished  using  a  ring  dye  laser  (described  in  the  experimental  section)  operating  at  776.0  nm  to  pump  the  5P3/2  level.  The  flu¬ 
orescence  resulting  from  the  5d  level  (or  6p)  will  be  monitored  as  a  function  of  the  dye  laser  being  on/off.  This  measure¬ 
ment,  along  with  a  number  density  measurement  of  the  5p3/2  level  and  assorted  laser  parameters  will  yield  the  rate  constant 
for  Reaction  (1). 


Summary 

We  have  commenced  our  s'udy  of  the  intrinsic  noise  processes  in  Rb  vapor.  The  main  contributor  to  this  noise  process 
is  the  collisional  energy  pooling  reaction  described  by  Equation  (1).  We  have  observed  evidence  for  the  energy  pooling  pro¬ 
cess.  The  pooling  mechanism  is  shown  to  follow  the  expected  kinetics.  We  art  in  the  process  of  determining,  to  a  high  de¬ 
gree  of  accuracy,  the  collisional  cross  section  (rate  constant)  for  this  process.  This  work  was  supported  by  the  Naval 
Oceans  System  Center. 
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Fig.  1.  Relevant  energy  levels  diagram  for  Rb  LEOF.  The  calculated 
intrinsic  quantum  efficiencies  fot  the  various  P-levels  are  shown 
in  brackets.  The  5d  level  is  populated  by  the  energy  pooling  process 
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Fig.  2.  Plot  of  the  square  root  of  the  signal  (6p-5s,  420nm)  vs  number  density. 
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780  nm  Laser  Intensity  (arb.  units) 


Fig.  3.  Plot  of  the  square  root  of  the  signal  (6p-5s,  420  nm)  vs 
780  nm  laser  intensity  at  T  =  160°C. 
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AND  TIME-CORRELATED  SINGLE  PHOTON  COUNTING: 

A  TIME  RESOLUTION  STUDY. 


A.  van  Hoek  and  A.J.W.G.  Vlsser 

Departments  of  Molecular  Physics  and  Biochemistry,  Agricultural  University, 
De  Dreljen  II,  6703  BC  Wagenlngen,  The  Netherlands. 


Abstract 


In  time-correlated  single  photon  counting  using  deconvolution  techniques  the  time  reso¬ 
lution  is  determined  by  short-term  instrumental  response,  temporal  shifts  and  reproducibi¬ 
lity.  Pitfalls  were  traced  and  detection  limits  examined  using  ultrashort  luminescence 
decays  (6-10  ps) . 


Introduction 

In  picosecond  luminescence  experiments  using  synchronously  pumped  cw  lasers  and  time 
correlated  photon  counting  the  temporal  resolution  Is  limited  by  the  detection  system.  The 
excitation  pulse  width  can  be  less  than  some  picoseconds,  but  due  to  transit  time  jitter 
in  the  detection  photomultiplier  the  width  of  the  Instrumental  response  is  at  least  47 
psl.  We  used  the  tech-nlgue  to  study  biological  materials^  and  applied  deconvolution  tech¬ 
niques  to  recover  the  decay  time  constants  accurately^.  When  measuring  rapidly  decaying 
fluorescence  (5-10  ps)  It  appears  that  not  only  the  short  term  time  resolution  is  impor¬ 
tant,  but  also  reproducibility  and  long  term  temporal  shifts  Influence  the  results. 

Transit  time  instabilities  of  components  In  the  set-up  (versus  temperature,  operating 
voltage,  etc.)  turned  out  to  be  Important  parameters. 


Materials  and  methods 


Three  different  pseudoazulenes,  derivatives  of  1,2-5, 6  dlbenzooxalene  (DBO,  systematic 
name  benzo/b/lndeno/1 , 2-e/piran)  were  purified  as  described  previously^.  N-hexane  (Merck, 
fluorescence  grade)  was  used  to  prepare  solutions  with  a  concentration  corresponding  to 
0.2  OD  at  300  nm.  Pseudoazulenes  do  not  exhibit  any  detectable  emission  arising  from  the 
Si-Sq  transition,  but  from  the  S2-S0  transition  the  fluorescence  quantum  yield  Is  in  the 
order  of  10“^  to  I0~*.  From  the  high  polarisation  of  emission  In  low  viscosity  solutions® 
an  estimate  can  be  made  for  the  fluorescence  decay  time  (less  than  0.1  ns).  We  used  the 
pseudoazulenes  CH3-DBO  (1),  Phe-DBO  (2)  and  CHNOH-DBO  (3)®,  see  figure  1.  The  quantum 
counter  p-blsf  2- ( 5-phenvloxazolvl ) 1  benzene  (POPOP),  see  (4)  of  figure  1,  was  purchased 


Plg.l  Chemical  structures  of  CH3-DBO  (1),  Phe-DBO  (2).  CHNOH-DBO  (3)  and  POPOP  (4). 
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ADA  =  second  harmonic  generating  crystal  in  oven 
ADC  =  analog  to  digital  converter 
AOM  =  acousto  optic  mode-locker 
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EOM  =  electro  optic  modulator  I 

FI  =  neutral  density  filters  - 

F2  =  first  harmonic  suppression  filter  0X7 
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P1,P2  =  optical  crystal  polarizers 

PD1,PD2  =  fast  photo  diodes 

PMTl  =  monitor  photomultiplier  1P28 

PMT2  =  photon  detection  photomultiplier  Hamamatsu  R1645U01 
TAC  and  SCA  =  time  to  amplitude  converter  with 
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Fig. 2  Block-diagram  of 


the  experimental  set-up. 


Fig. 3  Graphs  of  the  instrumental  response  at  different  wavelengths. 
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from  Eastman  Kodak  (scintillation  grade)  and  dissolved  in  ethanol  (Merck,  fluorescence 
grade),  concentration  corresponding  to  an  OD  of  about  0.1  at  300  nm.  Cis-parinar ic  acid 
was  purchased  from  Molecular  Probes  and  used  as  a  2  tiM  solution  in  water. 

In  figure  2  a  block  diagram  of  the  experimental  set-up  is  shown.  The  time  scale  was 
calibrated  using  an  Ortec  462  time  calibrator,  resulting  in  an  overall  accuracy  of  0.1  %. 
The  excitation  is  provided  by  the  frequency  doubled  output  of  a  synchronously  pumped  cw 
dye  laser,  resulting  in  pulses  of  some  picoseconds  duration  at  300  nm  wavelength.  An 
electrooptic  modulator  set-up  is  used  to  reduce  the  rate  of  excitation  pulses  to  598  kHz'^ . 

Fluorescence  is  detected  at  90*  with  respect  to  the  excitation  direction  and  inter¬ 
ference  filters  are  used  for  scatter  rejection.  A  sheet  type  polarizer  in  the  fluorescence 
light  path  can  be  rotated  in  parallel  or  perpendicular  position  or,  depending  on  experi¬ 
mental  requirements,  set  under  magic  angle  with  respect  to  the  direction  of  excitation 
polarisation.  With  neutral  density  filters  the  exciting  beam  is  attenuated  to  have  a  maxi¬ 
mum  photon  rate  of  30  kHz3. 


Reproducibility  and  temporal  shifts 

The  width  of  the  Instrumental  response  (about  140  ps  full  width  at  half  maximum,  FWHM) 
is  much  wider  than  the  decay  times  of  the  pseudoazulenes  to  be  investigated.  Therefore  a 
deconvolution  procedure  is  used.  In  figure  3  graphs  are  presented  of  the  Instrumental 
response  at  different  wavelengths.  It  can  be  observed  that  in  addition  to  a  shift  in  time 
there  is  a  variance  in  shape.  These  are  mainly  effects  from  the  photomultiplier.  The  use 
of  a  proximity  focussed  type  mlcrochannel  plate  photomultiplier  would  minimize  but  not 
eliminate  the  wavelength  dependency  of  properties^.  Therefore  for  deconvolution  we  use  the 
reference  or  mimic  method^,  in  that  case  the  instrumental  response  is  deconvoluted  from  a 
known  (single)  exponential  fluorescence  decay,  recorded  at  the  same  wavelength  as  the 
unknown  sample. 

With  the  controls  of  the  set-up  fixed,  the  reproducibility  of  the  time  scale  is  much 
better  than  the  mentioned  accuracy.  By  determining  (sub) nanosecond  decay  times  of  quantum 
counters  the  measurement  has  an  accuracy  sufficient  to  predict  the  sample  temperature  far 
within  1  *0.  In  particular  when  measuring  picosecond  decay  times,  the  reproducibility  may 
dramatlcaly  decrease  when  static  or  dynamic  temporal  shifts  occur. 


Static  temporal  shifts 

With  a  time  to  amplitude  converter  (TAG)  and  analogue  to  digital  converter  (ADC)  the 
time  span  between  exciting  light  pulse  and  fluorescence  photon  is  repeatedly  measured,  the 
data  being  gathered  in  the  multichannel  analyzer.  When  placing  an  optical  filter  in  the 
exciting  laser  beam  or  the  fluorescence  light  path,  the  time  of  arrival  of  a  fluorescence 
photon  will  be  delayed  due  to  the  difference  in  speed  of  light  in  air  and  in  the  filter. 
The  delay  will  be  about  1  ps  per  ram  substrate,  if  an  index  of  refraction  of  the  filter 
material  of  about  1.4  is  assumed. 

When  such  shifts  occur  between  measuring  cycle  of  known  and  unknown  fluorescence  decay, 
an  artificial  short  component  will  be  found  by  the  deconvolution  procedure.  This  is 
another  reason  to  measure  unknown  and  reference  sample  at  the  same  detection  wavelength. 
The  adjustment  of  the  energy  of  excitation  pulses  is  performed  with  a  variable  neutral 
density  filter  with  metallic  coating  or  by  exchanging  neutral  density  filters  with 
metallic  coating  and  equal  thickness.  In  case  of  scanning  a  detection  monochromator,  not 
only  a  temporal  broadening^  but  also  a  shift  may  be  introduced  when  the  axis  of  rotation 
is  not  in  the  plane  of  the  grating.  In  principle  all  these  static  shifts  can  be  corrected 
for  when  their  exact  values  are  known. 


Dynamic  temporal  shifts 

More  complications  arise  when  there  is  a  steady  temporal  drift  because  of  ambient  tem¬ 
perature  changes.  This  drift  is  mainly  originated  by  transit  time  variations  versus  tem¬ 
perature  in  discriminators,  coaxial  cables  etc.  Coaxial  cables  (50n)  are  used  as  delay 
lines  (~20  cm/ns)  for  positioning  start  and  stop  signals  in  the  TAG  time  window.  The  tem¬ 
perature  dependence  of  the  transit  time  of  a  100  ns  delay  line  (RG  58  C/U)  was  measured  to 
be  -20  ps/*C. 

The  transit  time  instability  of  discriminators  is  determined  by  a  complex  of  mecha¬ 
nisms,  showing  positive  and  negative  coefficients.  Therefore  the  temperature  gradients 
Induced  by  temperature  variations  have  relatively  much  Influence.  One  source  of  transit 
time  drift  is  the  threshold  Instability  versus  temperature,  essentially  not  compensated  by 
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the  constant  fraction  mechanism.  In  modern  discriminators  (Ortec  934,  Tennelec  TC454)  this 
Instability  Is  less  than  100  /jV/®C  and  then  a  slope  of  the  leading  edge  of  500  mV/ns 
results  In  a  timing  Instability  of  200  fs/'C. 

Prom  older  discriminators  (Ortec  436  and  463)  the  threshold  Instability  Is  less  than 
500  |iV/*C,  leading  to  a  contribution  to  transit  time  Instability  of  1  ps/'C.  It  becomes 
worse  when  discriminating  with  the  Ortec  436,  100  MHz  discriminator,  the  shelve  slope  of 
the  38  MHz  sinusoidal  reference  signal  from  the  mode-locker  driver  (0.5  Vpp,  slope  70 
mV/ns  at  the  zero  crossing,  resulting  transit  time  Instability  7  ps/°C)  to  have  a  timing 
signal  for  the  modulator  driver.  In  that  case  the  signal  must  be  amplified  flrstS. 

The  propagation  delay  Instability  for  modern  discriminators  Is  specified  by  the  manu¬ 
facturer  (Ortec  934;  <15  ps/'C  and  Tennelec  TC454;  <10  ps/“C) ,  Indicating  that  threshold 
Instability  effects  are  relatively  negligible.  The  overall  transit  time  Instability  versus 
temperature  of  some  discriminators  was  measured,  using  a  negative  fast  pulse  at  the  input, 
slope  500  mV/ns,  amplitude  800  mV  (Ortec  436;  +8  ps/'C  and  Canberra  1428A;  +10  ps/'C).  The 
temperature  instability  of  the  TAC  (Ortec  457)  Is  specified  to  be  <±10  ps/'C  and  measured 
to  be  -2  ps/'C  at  the  50  ns  range.  The  dependency  of  the  photomultiplier  transit  time  to 
the  high  voltage  was  measured  to  be  -0.4  ps/V  for  the  Hamamatsu  R  1645  0/01.  With  a  high 
voltage  instability  of  0.2  V/'C  at  3400  V  (Bertan  205A-10N) ,  a  transit  time  instability  of 
80  fs/'C  can  be  awaited. 

These  results  show  that  for  picosecond  accuracy  the  ambient  temperature  should  be  far 
within  1  'C.  Timing  instability  can  be  minimized  by  choosing  components  In  such  a  way  that 
the  signs  of  temperature  dependence  coefficients  of  the  transit  time  are  the  same  in  start 
and  stop  arm  of  the  set-up. 


Data  analysis 

Data  were  fitted  to  (single  or  multi-)  exponential  decay  laws  in  an  iteration  process^ , 
minimizing  the  weighted  sum  of  squared  residuals  (reduced  ) .  Analysis  could  be  performed 
with  a's  and  t's  of  reference  and  unknown  compound  fixed  or  as  Iteration  variables.  The 
relatively  long  decay  time  of  the  quantum  counter  POPOP  Is  exactly  known. 


Results 


In  figure  3  not  the  pure  Instrumental  responses  at  different  wavelengths  are  presented, 
but  only  at  the  excitation  wavelength  300  nm.  The  graphs  corresponding  to  363  and  402  nm 
are  fluorescence  "decays"  of  CH3-DB0.  From  that  fact  «<ome  Important  conclusions  can  be 
drawn.  The  first  conclusion  Is  that  the  fluorescence  decay  time  must  be  very  short, 
possibly  some  picoseconds,  because  at  300  nm  the  FWHM  of  the  response  Is  broader  than  at 
363  and  402  nm.  A  100  ps  fluorescence  decay  time  (detected  at  363  or  402  nm)  would  already 
give  a  substantial  broadening  of  the  140  ps  FWHM  pulse  profile.  In  this  case  the 
broadening  is  less  than  the  wavelength  effects  at  the  cathode  region  of  the  photo- 
multlpllerl,  giving  broadening  at  shorter  wavelengths. 

The  second  conclusion  Is  that  the  shift  of  the  fluorescence  peak  to  later  points  of 
time  Is  also  smaller  than  shift  due  to  wavelength  effects  in  the  PMT.  These  effects  make 
the  peak  shift  to  earlier  points  of  time  at  longer  wavelengths  in  this  case.  The  effects 
were  fully  reproducible  and  care  was  taken  that  the  experimental  conditions  were  Iden¬ 
tical.  For  instance  with  changing  filters  (300,  363  and  402  nm)  a  negligible  shift  (less 
than  500  fs)  was  Introduced  and  the  photon  rate  was  3'  kHz  In  all  cases^. 

Then  data  sets  were  analyzed  using  a  data  set  of  POPOP  and  one  of  the  pseudoazulenes , 
all  measured  at  the  same  wavelength,  402  nm.  With  fluorescence  lifetimes  of  both  compounds 
as  free  Iteration  variables  chi-square  was  optimized.  The  relatively  long  decay  time  of 
POPOP  was  recovered  with  high  precision;  1294  ±  2  ps  at  20  'C.  However, -the  lifetime  of 
the  pseudoazulene  was  found  to  yield  a  negative  value,  for  CH3-DBO:  -7  ps  ±  2  ps.  That 
artificial  value  was  found  because  the  analysis  program  was  forced  to  use  single  exponen¬ 
tial  decay  laws  for  both  compounds. 

The  negative  value  of  the  lifetime  indicates  that  the  rapid  decay  of  the  pseudoazulene 
competes  with  another  rapid  process  from  POPOP,  most  likely  the  Internal  conversion  from 
excited  vlbronlc  states  to  the  emitting  Sj  state.  The  rate  constant  of  such  radiationless 
transitions  is  estimated  to  be  in  the  THz  range,  yielding  a  time  constant  of  a  few  picose¬ 
conds.  Then  a  biexponentlal  decay  law  was  used  for  the  POPOP  fluorescence.  When  all  para¬ 
meters  were  free  Iteration  variables,  the  deconvolution  program  could  not  find  a  unique 
solution  in  this  case.  From  the  expression  for  the  convoluted  fluorescence  decay  with  the 
reference  method3  It  is  clear  that  when  reference  and  unknown  decay  time  have  to  close 
values,  no  solution  will  be  found  by  the  program.  So  calculations  were  carried  out  with 
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decay  time  constants  fixed.  In  figure  4  examples  of  analysis  are  given  for  two  values  of 
CH3-DBO  (for  POPOP:  oi=-l,  02=1.  Ti=1294  ps  and  T2=5  ps).  When  the  lifetime  of  CH3-DBO  is 
varied  systematicaly ,  a  clear  minimum  can  be  found  in  the  characteristic  of  reduced  as 
a  function  of  the  time  constant  of  the  pseudoazulene  fluorescence  (see  figure  5) .  The  t- 
value  of  the  fast  component  of  the  POPOP  fluorescence  decay  did  influence  the  point  of 
minimum  but  deviations  were  within  reproducibility  error. 

By  repeating  the  measurements  and  analyzing  many  datasets  it  becomes  clear  that  the 
reproducibility  is  poor.  And  only  when  reference  and  unknown  sample  are  recorded  in  a 
period  of  some  minutes  there  is  a  chance  for  reasonable  reproducibility.  So  now  one 
measurement  always  consists  of  recording  reference,  unknown  and  again  reference  data  as 
close  in  time  as  possible.  Most  times  the  two  blocks  of  reference  data  are  averaged 
(added)  before  analysls3.  Despite  of  all  these  provisions  it  was  not  possible  to  give  an 
accurate  value  for  the  fluorescence  lifetimes  of  the  pseudoazulenes .  Only  a  range  of 
values  can  be  given  and  the  reason  is  temporal  drift  during  the  measurements.  For  CH3-DBO 
the  fluorescence  lifetime  was  found  to  be  between  1  and  10  ps,  for  Phe-DBO  between  1  and  6 
ps,  for  CHNOH-DBO  between  1  and  11  ps. 

As  can  be  deduced  from  figure  2  there  are  many  components  in  the  stop  arm  compared  to 
the  start  arm  of  the  set-up.  It  should  be  better  to  have  a  more  direct  stop  signal,  for 
Instance  from  a  photodiode  excited  by  the  laser  pulses.  But  mainly  because  of  the  about  1 
%  conversion  efficiency  of  the  ADA  crystal  it  was  chosen  to  use  all  laser  power  for  sample 
excitation  purposes.  We  have  planned  to  use  in  future  a  300  nm  transparent  crystal 
polarizer  behind  the  doubling  crystal  to  separate  the  perpendicular  polarized  OV  light 


TIME  (ns) 


Fig.  6  Analysis  of  2  (jM  cls-parlnar  ic  acid  in  water. 
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from  the  parallel  polarized  orange  light.  In  that  case  the  orange  light  can  be  used  to 
trigger  the  (then  much  shorter)  stop  arm. 

In  order  to  illustrate  the  use  of  pseudoazulenes  as  reference  compounds  in  experimental 
data  of  a  biological  sample,  the  fluorescence  decay  analysis  of  the  natural  fatty  acid 
cls-parinaric  acid  is  presented.  The  fatty  acid  in  water  probably  forms  micellar  struc¬ 
tures  leading  to  extremely  rapid  fluorescence  decay  owing  to  a  self-quenching  mechanism. 
Using  CH3-DBO  as  reference  compound  for  fluorescence  at  422  nm  it  was  possible  to  preci¬ 
sely  determine  the  main  fluorescence  lifetime  component  (a  =  0.993,  t  =  83  i  3  ps)  of  cis- 
parinaric  acid  in  water  (see  figure  6). 


Conclusion 


With  the  set-up  as  described  fluorescence  lifetimes  can  be  measured  on  a  picosecond 
timescale  with  s  .ngle  photon  sensitivity.  Transit  time  Instability  of  components  in  start 
and  stop  arm  as  a  function  of  temperature  is  the  limiting  factor  for  reproducibility  and 
accuracy.  The  use  of  the  pseudoazulenes  as  reference  (or  mimic)  compound  gives  the  possi¬ 
bility  for  analysis  of  picosecond  decay  processes  with  an  accuracy  that  has  not  been  shown 
before . 
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Abstract 


The  evolution  of  the  excimer  laser  from  a  research  tool  in  the  1970 's  to  the 
industrial  models  of  the  1980 ‘s  has  opened  up  numerous  applications  in  semiconductor 
manufacturing,  materials  processing,  and  biological  and  medical  research.  Present 
production-capable,  computer-controlled  excimer  systems  with  handling  equipment 
enabling  efficient  automation  can  now  operate  for  up  to  50  million  shots  before 
undergoing  scheduled  maintenance,  with  fluences  remaining  within  +10%  in  most 
cases.  Thus,  although  many  uses  for  the  excimer  laser  are  still  research-oriented, 
production  applications  are  rapidly  emerging. 


Introduction 


Excimer  lasers  offer  several  key  advantages  as  energy  sources: 


•  First,  they  can  provide  deep-ultraviolet  radiation  at  relatively  high 
average  power.  Early  UV  lasers,  such  as  double  or  triple  harmonic  Nd:YAG 
and  ion  lasers,  had  output  power  of  less  than  one  watt.  Excimers,  at 
similar  wavelengths,  deliver  up  to  50  watts:  energy  levels  consistent 
with  the  production  throughput  rates  needed  for  many  processes  (1)  (2). 

•  Excimers  have  been  shown  to  be  essentially  speckle-free,  unlike  earlier 

lasers  operating  in  the  ultraviolet  spectrum.  Speckle,  an  interference 
effect  caused  by  high  spatial  coherence,  causes  localized  excursions  in 
the  beam  intensity  profile  which  can  result,  for  example,  in  non-uniform 
images  in  the  photoresist  used  during  semiconductor  lithography. 

Excimers  have  rela  tively  low  spatial  coherence,  and  are  therefore 
essentially  free  of  speckle. 

•  Excimers,  as  sources  of  deep  ultraviolet  radiation,  are  much  more 

efficient  than  alternative  light  sources.  The  mercury  arc  lamp,  with 

strong  G-line,  H-line  and  I-line  peaks,  falls  off  dramatically  in  the  far 
ultraviolet  region,  just  where  the  excimer  begins.  While  mercury  vapor 
and  mercury  halide  lamps  may  have  high  conversion  efficiencies  (~50%), 
their  high  infrared  content  requires  considerable  output  filtering.  The 
excimer  lasers  on  the  other  hand,  produce  essentially  monochromatic 
radiation  without  the  requirement  of  filtering. 


The  application  of  excimer  lasers  for  microelectronic  fabrication  processes  is 
particularly  promising.  The  continued  reduction  of  VLSI  circuit  geometries,  together 
with  increasingly  higher  levels  of  circuit  integration  create  a  demand  for  new 
circuit  fabrication  technologies.  One  of  limitations  of  current  IC  fabrication 
technology  is  the  use  of  high  temperature  processing.  High  temperatures  distort 
silicon  wafers,  causing  a  loss  of  alignment  control  and  resulting  in  a  significant 
reduction  in  device  yield.  Excimer  laser  technology  at  very  short  ultra-violet 
wavelengths  offers  the  possibility  of  low  temperature  processing,  including  the 
follo'-'ing  major  applications:  Photoresist  exposure,  photoresist  ablation  over 
alignment  marks,  annealing,  doping,  and  etching.  In  addition,  applications  in  IC 
packaging,  circuit  personalization  and  fiber  optics  appear  as  very  promising  new 
applications  for  excimer  laser  technology  in  the  electronics  industry. 
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Tne  most  significant  advantage  of  the  excimer  laser  as  a  light  source  in  VLSI 
processing  is  the  range  of  short  wavelengths  available,  below  those  used  today  for 
advanced  optical  microlithography  (3)  (4).  This  trans''ates  directly  into  better 
resolution.  Argon  Fluoride,  for  example,  offers  a  193nm  wavelength  at  power  levels 
exceeding  those  of  the  mercury  lamp  at  G,  H  and  I  lines.  Resist  normally  exposed  in 
200  mill  seconds  with  mercury  vapor  sources  can  be  exposed  in  10-20  nanoseconds  using 
an  excr.ner  laser  with  an  output  power  of  200  mJ/pulse,  operating  at  any  of  the 
principal  excimer  wavelengths;  depending  on  the  design  of  the  optical  imaging 
system,  however,  several  pulses  may  be  required,  bringing  the  exposure  time  inro  the 
range  of  50-100  milliseconds  at  a  repetition  rate  of  200  Hz. 


Ablation 


Several  years  after  the  invention  of  the  excimer  laser,  a  light  absorption 
phenomenon  termed  "ablative  photodecompoaition"  or  "photoablation"  was  discovered 
(5).  This  phenomenon  occurs  when  pulsed  ultraviolet  radiation  is  absorbed  on  the 
surface  of  an  organic  solid;  the  high  energy  of  UV  photons  is  intensely  absorbed  by 
the  polymer  molecules,  resulting  in  excitation  within  the  molecules. 

This  energetic  absorption  results  in  bond  breaking  when  the  incoming  UV  energy 
exceeds  the  molecular  bonding  energy.  The  point  at  which  such  bond  breaking  occurs 
is  termed  the  "ablation  threshold".  The  ablation  thresholds  for  a  number  of 
materials  are  given  in  the  following  table  (6): 


ABLATION  THRESHOLDS  FOR  193NM  EXCIMER  LASER 
PULSE  ENERGY  (MJ/CM2) 


PHOTOLYTIC: 

Nitrocellulose . Less  than  20 

Novolak-Based  Photoresist  .  30 

Polycarbonate  .  40 

Polyimide .  45 

PYROLYTIC: 

Polysilicon .  100 

Silicon  Nitride  .  195 

Spin  on-Glass .  200 

Silicon  Dioxide  .  350 

Silicon  .  Greater  than 

1000 


The  principal  advantage  of  photoablation  is  the  low  thermal  component  of  this 
process  at  low  fluence  levels.  This  property  avoids  undesirable  melting  or 
carbonization  of  organic  molecules,  a  problem  that  often  exists  when  visible  or 
infrared  laser  radiation  is  used. 


Organic  polymer  molecules  consist  of  chains  of  smaller  molecular  units  called 
monomers.  A  typical  polymer  chain  will  contain  in  the  range  of  1000-100,000  atoms  of 
carbon,  hydrogen,  oxygen  and  nitrogen.  These  molecules  absorb  95%  of  the  incident 
energy  at  193nm,  and  undergo  a  radiative  lifetime  (excited  state)  of  about  0.1 
nanosecond  duration.  The  bond  breaking  lifetime  is  estimated  to  be  in  the  1-10 
picosecond  range  (7).  The  depth  of  the  absorption  is  less  than  3000  angstroms, 
typically  about  2000  angstroms,  depending  upon  the  particular  polymer  type,  the 
fluence,  and  the  area  being  exposed. 

In  photoablation  reactions,  the  polymer  molecules  undergo  bond  scission,  with 
excess  energy  remaining  in  the  fragments  in  the  form  of  thermal  and  kinetic  energy. 
The  rapid  expansion  created  by  this  excitation  and  bond  cleavage  gives  rise  to  the 
ejection  of  ablation  products,  gases  and  often  small  particles;  the  material 
transport  time  is  estimated  at  about  10  microseconds.  The  accompanying  fluorescence 
of  ejected  material  often  causes  a  plume  of  luminescence  that  can  be  readily 
observed.  A  scavenging  nozzle  designed  to  capture  the  by-products  of  ablative 
photodecomposition  may  be  used  to  remove  debris  which  can  be  a  result  of 
photoablation  (8).  Figure  1  shows  the  amount  of  material  removed  as  a  function  of 
fluence  for  3  excimer  wavelengths.  The  target  was  polyimide. 
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Photolithography 


The  patterning  of  lighc-sensitive  polymers  for  integrated  circuit  manufacturing 
requires  extremely  high  imaging  resolution  (better  than  0.5um)  and  short  exposure 
time.  This  resolution  is  essential  in  improving  device  packing  density.  In  the 
short  space  of  10  years,  the  memory  chip  is  evolving  toward  a  16  megabit  device. 
Chip  density  is  driven  mainly  by  resolution  capability.  Short  exposure  times  are 
required  since  imaging  equipment  is  very  capital  intensive  and  only  one  wafer  at  a 
time  can  be  processed. 

In  photolithography,  radiation  sensitive  resists  are  patterned  by  sending  light 
through  a  chrome-on-glass  mask  containing  the  IC  pattern.  The  aerial  image  is 
transferred  as  a  latent  image  in  the  photoresist,  and  the  wafer  is  then  developed, 
etched  and  selectively  doped  with  ions.  The  excimer  laser  potentially  offers  both 
high  resolution  and  extremely  short  exposure  time  for  this  crucial  application. 

Initial  exposures  made  at  193nm  show  image  resolution  down  to  0.4  microns  in  a 
one  micron  thick  layer  of  positive  photoresist.  Figure  2  shows  a  high  resolution 
test  pattern  imaged  with  a  single  pulse  at  193nm. 


Alignment  Mark  Ablation 


Polymer  ablation  is  also  applicable  in  IC  manufacturing  for  removing  photoresist 
over  the  alignment  marks  on  wafers  prior  to  the  patterning  step,  in  order  to  avoid 
partial  obscuration  of  the  marks  by  the  resist.  Avoiding  such  obscuration  of  the 
alignment  marks  improves  the  overlay  registration  accuracy  of  the  exposure  system,  in 
turn  increasing  the  yield  during  device  production.  More  importantly,  it  also 
permits  the  development  of  even  higher  resolution  chip  designs.  Since  IC  devices  now 
require  up  to  20  individual  masking  steps,  overlay  registration,  the  precise 
alignment  of  the  curr‘=nt  layer  with  those  tha.  lie  under  it,  has  become  as  important 
as  resolution. 

Initial  tests  have  shown  that  overlay  can  be  improved  from  0.3um  (3  sigma) 
using  die-by-die  alignment  with  resist  left  above  the  marks  to  as  little  as  O.OSum, 
by  first  removing  the  resist  with  pulses  of  excimer  laser  light  at  193nm.  The 
typical  beam  fluence  used  to  ablate  the  alignment  marks  is  500  mj,  an  average  of  15 
pulses  being  sufficient  to  remove  most  layers  of  resist  without  damage  to  the 
underlying  mark.  (8) 


Fiber  Optic  Communications 


Optical  fiber  communications  is  another  rapidly  growing  field  in  which  the 
excimer  laser  is  beginning  to  play  an  important  role.  Excimer  laser  micromachining 
of  optical  fibers  can  be  used  to  create  "tap"  locations  at  which  light  signals  can  be 
extracted  through  the  side  of  the  fiber.  The  feasibility  of  welding  optical  fibers 
by  means  of  a  small  number  of  excimer  laser  pulses  has  also  been  demonstrated. 

These  micromachining  and  fusing  experiments  were  performed  using  a  Leitz-IMS  XLR- 
100  system  at  193  nanometers  within  a  fluence  range  of  5-12  J/cm2,  at  various  pulse 
repetition  rates  and  with  a  computer  controlled  aperture  shaping  the  beam  in  areas 
ranging  from  10  to  140  microns  on  a  side.  The  system  is  shown  in  Figures  3A  and  3B, 
while  the  results  of  one  such  experiment  are  depicted  in  Figure  4. 


Circuit  Personalization  and  Repair 


Patterning  of  gold  for  electronic  conductors  and  interconnects  is  a  key 
manufacturing  process  usually  requiring  multiple  process  steps.  Gold  on  a  hybrid 
circuit  device  can  be  structured  in  a  single,  "dry"  step  using  the  energetic  photons 
from  an  excimer  laser  exposure  system.  The  SEM  photo  shown  in  Figure  5  illustrates 
the  resolution  and  edge  acuity  possible  with  photo-thermal  ablation  at  248  nanometers 
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(Krypton  Fluoride).  Photo-thermal  reactions  use  thermal  effects  of  photons  rather 

than  ablative  photodecomposition  for  material  removal. 


Figure  5  shows  a  square  hole  made  in  a  gold  film  by  shaping  the  excimer  laser  beam 
with  a  computer  controlled,  multi-bladed  aperture.  A  fluence  of  approximately 
12J/cm2  was  used  at  a  repetition  rate  of  up  to  200  Hz.  Typical  applications  for  this 
capability  are  integrated  circuit  personalization  (link  cutting)  and  removal  of  short 
circuits  to  repair  interconnect  patterns. 


Integrated  Circuit  Packaging 


VLSI  devices  with  more  than  one  or  two  hundred  connections  create  a  demand  for 
new  IC  packages.  In  order  to  interconnect  today's  advanced  integrated  circuits,  a 
new  strategy  involving  the  use  of  alternating  layers  of  a  di-electric  material  and  a 
metallic  conductor  is  emerging. 

Frequently,  the  combination  of  choice  is  a  thick  (3-15um)  dielectric  layer  of 
polyimide,  together  with  a  copper  conductive  layer.  The  excimer  laser  is  used  to 
create  a  series  of  openings  or  vias  in  the  dielectric  material,  permitting  electrical 
access  to  the  conductor.  Copper  conductors  can  also  be  cleanly  cut  with  the  excimer. 
Figure  6  illustrates  the  sharp  side  walls  in  a  copper  conductor  and  the  surrounding 
polyimide  obtained  by  utilizing  an  excimer  laser  at  a  wavelength  of  193  nm  and  a 
fluence  of  approximately  12  Joules/cm2. 


Biomedical  Research 


Because  of  the  relatively  minor  thermal  contribution  in  the  action  of  the 
excimer  laser  as  compared  with  the  larger  effect  of  ablative  photodecomposition,  such 
a  system  is  an  ideal  tool  for  incising  delicate  specimens  without  significant  thermal 
or  structural  damage.  This  property  is  of  great  advantage  in  genetic  and  biological 
research,  permitting  fine  sectioning  of  living  tissue  with  a  minimum  of  collateral 
damage  to  tne  surrounding  tissues. 

Figure  7A  is  a  SEM  photograph  of  a  human  red  blood  cell,  showing  a  cut 
performed  by  means  of  a  finely  focused  excimer  laser  exposure  at  a  wavelength  of 
193nm.  A  sharp,  clean,  high  resolution  cut  is  observed.  Similarly,  Figure  7B  shows 
0.3  micron  punctures  made  in  the  cell  membrane  using  a  submicron  beam  size. 


Summary  and  Conclusions 


This  paper  has  touched  upon  some  promising  new  applications  for  excimer  lasers 
in  the  fields  of  electronics  manufacturing,  fiber  optic  communications,  and 
biomedical  research.  In  most  cases,  results  demonstrating  the  applicability  of 
excimers  to  these  fields  have  been  presented. 

Excimer  laser  light  pulses  at  wavelengths  of  193nm  and  248nm  have  been  used 
experimentally  to  improve  alignment  accuracy  for  wafer  exposure  systems;  to 
micromachine  fiber  components  for  fiber  optic  networks;  to  incise  cells  for 
biological  research;  and  to  form  submicron-resolution  images  for  advanced  integrated 
circuit  fabrication. 

Future  generations  of  excimer  laser  systems  will  address  as  yet  unforeseen 
production  applications  which  are  the  outgrowth  of  current  research.  In  the 
semiconductor  manufacturing  field  alone,  laser-assisted  etching,  deposition,  doping 
and  direct  lithography  are  all  techniques  that  show  potential  for  significantly 
improving  production  efficiency  and  allowing  products  of  vastly  greater 
sophistication  to  be  created.  Today's  excimer  laser  systems  have  reached  a  level  of 
maturity  which  permits  the  groundwork  to  be  laid  for  such  future  progress. 


REFERENCES 


1.  H.  Egger,  H.  Pummer,  and  C.K.  Rhodes,  EXCIMER  LASERS  FOR  THE  GENERATION  OF 
EXTREME  ULTRAVIOLET  RADIATION,  Laser  Focus,  June,  1982. 

2.  H.  Pummer,  THE  STATUS  OF  COMMERCIAL  EXCIMER  LASER  DEVELOPMENT,  Lambda  Physik,  2 
89  Great  Road,  Acton,  MA  July,  1985. 

3.  K.  Jain,  C.G.  Willson,  B.J.  Lin,  ULTRAFAST  HIGH-RESOLUTION  CONTACT  LITHOGRAPHY, 
WITH  EXCIMER  LASERS,  IBM,  J.  Res.  Develop.  Vol .  26,  No.  2  March  1982. 

4.  K.  Jain,  SHORT-WAVELENGTH  LASERS  ARE  HELPING  FABRICATE  EVER-SMALLER  DEVICES, 

Laser  Applications  in  Semiconductor  Microlithography,  Lasers  and  Applications, 

Sept.  1983. 

5.  B.  Garrison,  R.  Srinivasan,  LASER  ABLATION  OF  ORGANIC  POLYMERS:  MICROSCOPIC 

MODELS  FOR  PHOTOCHEMICAL  AND  THERMAL  PROCESSES,  J.  Appl .  Phys .  57  (8),  15  April,  1 

985. 

6.  R.  Srinivasan  and  Bodil  Braren,  ABLATIVE  PHOTODECOMPOSITION  OF  POLYMER  FILMS  BY 
PULSED  FAR-ULTRAVIOLET  (193NM)  LASER  RADIATION:  DEPENDENCE  OF  ETCH  DEPTH  ON 

XPERIMENTAL  CONDITIONS,  Journal  of  Polymer  Science:  Polymer  Chemistry  Edition, 
ol .  22,  2601-2609  (1984),  John  Wiley  &  Sons,  Inc. 

7.  D.J.  Ehrlich,  EARLY  APPLICATIONS  OF  LASER  DIRECT  PATTERNING;  DIRECT  WRITING  AND 
EXCIMER  PROJECTION,  Solid  State  Technology,  December,  1985. 

8.  K.J.  Polasko,  D.J.  Elliott,  B.P.  Piwczyk,  VLSI  PATTERN 
REGISTRATION  IMPROVEMENT  BY  PHOTOABLATION  OF  RESIST-COVERED 
ALIGNMENT  TARGETS,  IEEE  Triple  Beams  Meeting,  Woodland  Hill,  CA,  1987. 


1094 


U|> 


FIGURE  7A:  HUMAN  BLOOD  CELL  CUT  AT 
193NM  (SOURCE:  LEITZ-IMS  CO.) 


FIGURE  7B:  HUMAN  BLOOD  CELL  PUNCTURED 
AT  I93NM  (SOURCE:  LFITZ-IMS  CO.) 
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Abstract 


Excimer  laser  ablation  is  used  to  investigate  the  adhesion  of  thin  metal  films  vacuum 
deposited  onto  various  substrates  of  both  organic  and  inorganic  materials.  Correlation 
is  established  between  the  threshold  energy  required  for  laser-initiated  film  failure  and 
conventional  adhesion  test  results. 


Introduction 


Thin  films  (<  1  urn)  of  metals,  dielectrics,  and  insulators  are  deposited  on  a  broad 
range  of  organic  and  inorganic  substrate  materials  and  are  used  throughout  the  world  in 
virtually  all  technology  areas.  The  characteristics  of  these  films  (e.g.,  their  physical 
and  chemical  properties,  structure  and  morphology,  and  ultimate  performance)  all  depend 
inter  alia  on  f ilm-to-substrate  adhesion.  Indeed,  "adhesion"  is  central  to  thin-film 
technology  and  yet  is  one  of  its  most  elusive  parameters. 


Traditional  techniques  used  to  quantify  f ilm-to-substrate  adhesion  (such  as  peel,  pull 
and  scratch  tests)  are  actually  engineering  tests  of  thin-film  durability  in  a  particular 
fracture  mode  and,  although  they  yield  reasonably  reproducible,  quantitative  results  in  a 
relatively  short  time,  there  is  considerable  question  about  their  accuracy  and  interpretat 
ion  as  tests  of  "adhesion".  Clearly,  advancing  the  state-of-the-art  of  adhesion  research 
requires  (i)  continued  development  of  a  deeper,  more  fundamental  understanding  of  adhesion 
phenomena  and  current  measurement  methods,  and  (ii)  discovery  and  demonstration  of  new 
techniques  that  focus  on  adhesion  at  the  film/substrate  interface  rather  than  on  dura¬ 
bility  of  the  bulk  film. 

Reported  here  is  a  method  that  uses  laser-initiated  ablation  of  thin  films  to  determine 
a  threshold  value  of  film  attachment  to  the  substrate.  Before  we  describe  the  technique 
and  its  results,  we  present  a  brief  background  of  adhesion  and  its  associated  key  factors. 

Adhesion  Background 

Can  one  really  measure  adhesion?  If  so,  how?  If  not,  why  not,  and  what  is  measured 
instead?  The  answers  to  these  questions  rely,  obviously,  on  a  definition  of  adhesion. 
Mittal^  defines  two  types  of  adhesion;  basic  and  practical.  We  define  basic  adhesion  as 


that  which  is  theoretically  determinable  from  first  principles.  One  of  the  fundamental 
building  blocks  of  basic  adhesion  is  the  work  by  van  der  Waals’^  in  1873  to  explain  inter- 
molecular  attraction.  By  1930,  it  was  realized  that  three  different  effects  contributed 
to  the  overall  van  der  Waals'  attractive  potential  energy  U:  for  apolar  atoms,  the  quantum 
mechanical  or  London^  effect  (1930),  given  by 

Ul  ~  -[hj<Q^V2/(  »'i  +  «'2) 

(where  h  is  Planck's  constant,  are  the  characteristic  atomic  frequencies,  are  the 
polarizabilities,  and  r  is  the  atomic  separation);  for  interaction  of  permanent  dipole 
moments,  the  molecular  orientation  or  Keesom^  effect  (1920),  given  by 

- [ (MiM2)^/r^](l/kT)  (2) 

(where  are  the  molecular  dipole  moments  and  k  is  the  Boltzmann  constant);  and  for  the 
polarizing  action  induced  by  one  molecule  on  another,  the  Debye^  effect  (1920),  given  by 

Uq  ~  -(aiU2^  02*^1^^'^’^^*  (3) 

All  three  contributions  of  the  van  der  Waals'  attraction  potential  fall  off  inversely 
as  the  sixth  power  of  the  atomic  separation  and  are  therefore  effective  over  very  short 
range.  However,  when  integrated  over  the  material  volume,  the  force  per  unit  area  between 
adhering  plates  behaves  as 

F  ~  A/r3  (4) 

where  A  is  referred  to  as  the  Hamaker®  constant,  and  R  is  the  interaction  distance  of 
molecular  arrays  that  make  up  the  plates.  Another  approach  to  basic  adhesion  is  the 
thermodynamic  point-of-view  in  which  the  concepts  of  surface  energy,  contact  angle,  and 
wettability  are  considered.^ 

On  the  other  hand,  we  define  practical  adhesion^  (also  referred  to  as  experimental 
adhesion  or  bond  strength)  as  "the  force  required  to  remove  the  coating  from  the 
substrate".  Practical  adhesion  is  a  function  of  (i)  basic  adhesion,  and  (ii)  all  other 
factors  where  "all  other  factors"  may  include  such  items  as  the  internal  and  external 
stresses  acting  on  the  system,  the  nature  of  the  adhesion  testing  method,  the  chemical 

Q 

environment,  aging  and  corrosion  phenomena,  etc.  Furthermore,  it  is  argued^  that  when 
two  substances  (A  &  B)  are  in  adhesive  contact  with  each  other,  the  actual  locus  of 
failure  may  be  in  any  of  five  different  regions:  (i)  the  bulk  phase  of  substance  A,  (ii) 
the  region  of  substance  A  influenced  by  the  presence  of  substance  B,  (iii)  the  interface, 
which  may  be  either  sharp  or  diffuse  on  a  molecular  scale,  (iv)  the  region  of  substance  B 
influenced  by  the  presence  of  substance  A,  and  (v)  the  bulk  phase  of  substance  B. 
Obviously,  chemical  analysis  by  electron  spectroscopy  (ESCA)  is  of  significant  importance 
in  determining  the  locus  of  failure  and  should  be  used  in  most  situations  when  testing 
adhesion. 

Indeed,  practical  factors  such  as  these  may  exert  much  stronger  influences  over  film 
adhesion  than  those  of  a  more  basic  nature.  Consequently,  it  is  reasonable  to  advise  the 
researcher  new  to  the  study  of  adhesion  not  to  be  "too  pure",  at  least  initially,  about 
this  broadly  interdisciplinary  art,  but  rather  to  be  ever  mindful  of  the  specific  end  use 
of  the  system  under  study. 
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Several  criteria  are  important  to  us  in  the  development  of  adhesion  testing  and 
measurement  methods.  The  test  should  (i)  be  quick,  (ii)  be  reproducible,  (iii)  yield  a 
quantitative  result,  (iv)  address  the  problem,  (v)  have  a  reasonable  chance  of  being 
modelled  mechanistically,  and  (vi)  be  nonintrusive.  Intrusive  tests  are  those  in  which 
additional  loading  is  imposed  on  the  system  being  tested.  For  example,  certain  tests  may 
require  the  use  of  epoxy  cured  at  elevated  temperatures.  The  application  of  epoxy  can 
"load"  the  system  (i)  chemically  (trace  chemicals  can  migrate  to  the  interface),  (ii) 
thermally  (cure  conditions  can  physically  alter  the  system  constituents  and  their  bond 
strength),  and  (iii)  mechanically  (addition  of  another  layer,  at  the  very  least, 
increases  the  system  stiffness).  Such  intrusions  can  severely  influence  adhesion  test 
results . 

Nonintrusive  methods^*^  include  both  (i)  static  tests  such  as  strain-induced  failure 
and  blister  tests,  and  (ii)  dynamic  tests  such  as  ultracentrafuge,  ultrasonic,  and  forced 
vibrational^^  techniques.  Another  type  of  nonintrusive  adhesion  test  involves  the  use  of 
directed  energy.  In  the  work  reported  here  we  refer  specifically  to  laser  energy. 

Laser  Ablation  of  Thin  Metal  Films;  Qualitative  Description 

The  use  of  directed  laser  energy  to  investigate  adhesion  at  the  film/substrate 
interface  was  inspired  by  the  work  of  Vossen.^^  In  his  tests  a  small,  isolated  dot  of 
thin  film  material  was  detached  from  the  substrate  by  impinging  the  laser  beam  (the  size 
of  which  was  significantly  larger  than  the  dot  size)  onto  the  back  side  of  the  substrate. 
Threshold  values  of  laser  energy  density  required  to  accomplish  this  detachment  were 
correlated  with  thin  film  adhesion.  In  our  experiments  we  measure  the  threshold  laser 
energy  density  at  which  visible  mechanical  failure  of  the  thin  metal  film  occurs  when  the 
beam  is  directed  at  the  front  side  of  the  film.  The  basic  physical  assumption  is  that 
the  minimum  laser  energy  density  required  to  induce  damage  on  a  particular  metal  film 
depends  on  the  physical  characteristics  of  the  film  and  on  its  bonding  to  the  substrate. 

A  brief  description  of  the  events  associated  with  failure  can  be  utilized  to  describe 
the  effect.  First  we  consider  the  use  of  high  laser  energy  density.  Here,  the  incident 
energy  density  is  sufficiently  high  to  create  a  bright  plasma  emitting  in  the  blue. 

That  is,  the  incident  laser  energy  is  sufficient  to  vaporize  the  film  and  excite  the 
resulting  atomic  population  so  that  spontaneous  photon  emission  occurs.  In  this  case 
metal  is  totally  ejected  from  the  surface  of  the  substrate. 

By  contrast,  at  threshold  damage,  the  pattern  of  failure  is  associated  with  the 
deformed  and  fractured  metal  film  physically  removed  from  the  substrate  but  still  bonded, 
at  the  boundary,  to  the  non-irradiated  metal.  In  this  instance,  photon  emission  was 
not  readily  observed.  Using  high  speed  photography  it  was  determined  that  the  events 
described  above  take  place  at  a  time  scale  <  200  ^s. 

For  films  used  here  (for  example,  silver)  reflection  properties  are  very  poor  (~  7%) 
at  the  wavelength  of  the  XeCl  laser  (B^Li^  -  X^li^  transition,  at  X  =  308  nm) .  Using  a 
simple  analysis  it  can  be  shown  that  most  of  the  non-ref lected  energy  is  absorbed  in  the 
first  100  nm  of  the  film  thickness  (typically  ~  700  nm) . 

The  mechanism  we  propose  is  that  following  the  laser  energy  absorption  at  the  upper 
layers  of  the  film,  a  recoil  compressive  shock  wave  propagates  through  the  remaining 
metal  toward  the  film-substrate  interface.  There,  part  of  the  shock  wave  energy  is 


reflected  back  through  the  metal,  and  part  is  transmitted  into  the  substrate,  A  closely 
following  rarefaction  wave  is  also  reflected  at  the  interface.  This  creates  a  region  of 
strong  tensile  stress  at  the  interface  that  acts  to  pull  the  metal  from  the  surface.  If 
this  stress  is  greater  than  the  sum  of  the  stresses  acting  to  bond  the  film  to  the 
substrate,  film  failure  occurs.  Thermal  stresses  may  also  contribute  to  failure. 
However,  the  speed  of  the  thermal  wave  is  considered  to  be  much  less  than  that  of  the 
mechanical  shock  wave  and  its  associated  expansion  wave. 


Using  a  simple  energy  approach,  the  conditions  for  threshold  failure  can  be  stated  as 

Eb-X  >  f  L  EA,i  +  E  Ea-M,!  ^  ^E  (5) 

i=l  i=l 

where  is  the  energy  provided  by  the  XeCl  laser,  is  the  individual  atomic 

binding  energy,  E^_|^  is  the  energy  binding  the  atoms  of  the  film  to  the  molecules  of 
the  substrate  at  the  interface,  and  AE  is  an  energy  defect  resulting  from  losses  during 
the  energy-matter  interaction  at  the  upper  layers  of  the  film  (this  may  include  metal 
vaporization  and  photon  excitation).  N  is  the  total  number  of  atoms  and  f  is  the 
fraction  of  atoms  that  actually  separate  from  each  other.  Also,  n  is  the  number  of  atoms 
that  play  a  significant  role  in  bonding  at  the  interface  (n  <<  N). 

Following  the  wave  description  given  above,  the  threshold  energy  can  be  written  in 
terms  of 

Eb-X  ■  X  3t  +  E.p  (6) 

for  the  event  involving  the  initial  recoil  compressive  wave,  where  E.p  is  the  fraction  of 
the  energy  related  to  the  thermal  process.  Here,  'pQ(x,y,z,t)  represents  a  three- 
dimensional  wave  assumed  to  obey  the  usual  wave  equation  behavior,  and  x  is  a  constant 
involving  physical  parameters  necessary  to  convert  intensity  to  power.  Subsequently,  the 
wave  interaction  can  be  described  as 

[>i<Q(x,t,z,t)  -  AI  ^  'k^(x,y,z,t)  (7) 

m=l 


where  ♦jj,(x,y,z,t)  represents  an  mth  three-dimensional  wave  participating  in  the  process 
involving  reflection  and  rarefaction  waves  responsible  for  separating  the  metal  film  from 
the  substrate,  and  AI  is  an  intensity  loss  due  to  propagation.  Notice  that  this  equation 
implies  an  interference  of  the  various  waves  involved  in  the  metal  film  failure 
mechanism. 

An  obvious  consequenc  of  this  rudimentary  description  is  that  increasing  N  (the  total 
number  of  atoms)  should  increase  the  energetic  requirements  for  damage.  Thus,  testing 
between  different  films  should  be  done  for  similar  thicknesses.  Also,  removal  of 
impurities  affecting  the  binding  energies  via  radiation  and/or  chemical  processes  should 
be  encouraged. 

At  this  stage  it  is  too  early  to  quantify  this  description.  However,  it  is  clear  that 
this  type  of  laser  measurement  may  provide  a  direct  connection  with  fundamental 
parameters  used  in  the  physical  descriptions  of  adhesion  described  previously  in 
this  paper. 
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Experimental  Details 


Several  different  film/substrate  combinations  were  used  in  our  experiments.  Thin 
films  of  Ag,  Au,  Ni,  Cr,  Co-Cr,  Ni-Fe,  as  well  as  several  metal  oxides  were  deposited. 
Substrate  materials  included  both  organic  [e.g.,  polyimide  and  poly(ethylene 
terephthalate)  (PET)]  and  inorganic  (e.g.,  ULE  glass)  types.  Film  thicknesses  ranged 
from  50  to  700  nm.  Polymeric  substrate  thicknesses  ranged  from  12.7  (0.0005  inches) 

to  178  nm  (0.007  inches).  Substrate  pretreatment  included  conventional  wash  techniques, 
glow-discharge  pre-etch,  ion-beam  pre-etch,  or  no  treatment  at  all.  The  films  were 
deposited  by  evaporation  and  sputtering.  In  the  systems  using  organic  web,  a 
glow-discharge  post  treatment  was  sometimes  used. 

A  -eCl  excimer  laser  was  used  to  irradiate  the  coatings  under  test.  The  20-ns,  308-nm 
wavelength  pulse  from  the  laser  has  a  measured  output  energy  of  approximately  50  mJ.  The 
laser  beam  is  focused  by  a  30-cm  focal-length  lens.  The  energy  density  impinging  on  the 
test  sample  is  varied  by  moving  the  sample  along  the  optical  axis,  between  the  lens  and 
the  focal  plane.  Threshold  values  for  film  failure  are  recorded  as  distance  from  the 
lens  and  then  converted  into  energy  density  values. 

Laser  threshold  failure  results  were  compared  with  the  results  of  other,  more 
conventional,  tests.  For  example,  in  the  case  of  Ag  deposited  on  PET  by  e-beam 
evaporation,  the  system  must  survive  an  extremely  caustic  bleach  step  in  the 
post-deposition  production  process.  Survivability  of  the  Ag  film  is  known  to  be  a 
function  of  its  adhesion  to  the  PET  as  measured  qualitatively  by  a  tape  test.  Thus,  both 
the  bleach  and  the  tape  tests  are  compared  against  the  results  of  the  laser  ablation 
test. 


Two  other  tests  were  used  whenever  appropriate:  the  direct  pull  test  and  the 
dynamically  loaded  scratch  test.  For  the  pull  test,  we  used  the  Sebastian  II  Adherence 
Tester  manufactured  by  the  Quad  Group.  It  uses  studs  epoxy-bonded  directly  to  the  film. 
The  tensile  force  required  to  pull  the  stud  (and  hence  the  film)  from  the  substrate  in 
the  direction  normal  to  the  interface  is  measured  and  recorded.  Both  rigid  and  flexible 
substrates  can  be  tested.  Epoxy-coated  backer  plates  are  supplied  for  the  flexible 
substrates.  For  the  scratch  test  an  LSRH  (Laboratoire  Suisse  de  Recherches  Horlogeres) 
Revetest  Automatic  scratch  tester  was  used.  It  continuously  increases  the  stylus  load  on 
the  thin  film  over  a  10-mm  scratch  length.  An  acoustic  emission  (AE)  sensor  is  attached 
for  detecting  the  onset  of  coating  delamination.  This  tester  works  best  for  brittle 
films  on  rigid  substrates. 


Results 

A  summary  of  the  laser  ablation  adhesion  tests  is  given  in  Table  I,  where  we  present 
the  results  for  a  representative  sampling  of  three  different  systems.  For  the  Ag/PET 
system,  the  pre-  and  post-treatments  were  done  by  an  Ar/02  glow  discharge.  Approximately 
700  am  of  Ag  was  deposited  by  e-beam  evaporation  onto  a  moving  Kodak  Estar  base  web  of 
178-:im  (0.007  inch)  thickness.  The  "(S)"  corresponds  to  an  organic  "subbing"  layer  that 
is  applied  to  the  PET  surface  to  improve  wettability.  For  the  Cr  and  Ag  on  ULE  glass 
systems,  ion  pre-etch  and  ion-assisted  depositions  were  accomplished  using  a  3-':m  Kaufman- 
type  ion  source,  and  the  100-nm  thick  films  were  deposited  from  filament  sources.  The 
glass  substrates  were  3.86-cm  (1.52-inch)  diameter  x  0.63-cm  (%-inch)  thick  ULE  roundels. 
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•  Epoxy  failure  occurs  -  10.5  kpsi  (72.4  MPa)  pull  stress 
'  Adhesion  was  so  poor  that  bonded  stud  fell  off  before  pull  test 


(a)  Total  removal  of  wide  track  at  2.4  N 

(b)  Total  removal  of  narrow  track  at  6.8  N 

(c)  Some  thinning  of  wide  track  at  8-10  N 


Correlation  Discussion 


Aq  on  Polv(ethylene  terephthalate)  (PET) 

Excellent  correlation  is  observed  with  the  Ag/PET  system  laser  tests.  Sample  #1 
survived  the  bleach  adhesion  test  very  well.  Virtually  no  silver  was  removed  by  a 
vigorous  rub  test  in  the  bleach  bath.  The  laser  energy  density  for  threshold  failure  of 
this  sample  was  424  mJ/cm^.  This  corresponds  to  a  position  approximately  9  cm  from  the 
focal  plane.  For  samples  #2  and  #3,  the  bleach  bath  resulted  in  catastrophic  peeling  of 
over  80%  of  the  Ag  film  from  the  PET,  and  the  corresponding  energy  density  for  threshold 
damage  was  303  mJ/cm^  (about  12  cm  from  the  focal  plane).  In  between,  at  333  mJ/cm^ 
laser  energy  density,  the  film  survived  the  bleach  test  without  the  rub,  but  when  rubbing 
was  applied  during  submersion,  the  film  underwent  partial  failure. 

Cr  on  ULE  Glass 


For  the  Cr/ULE  glass  samples,  all  pull  tests  exhibited  strengths  that  exceeded  71.7 
MPa  (10.4  Kpsi),  which  is  the  upper  limit  of  this  test  (epoxy  failure  occurs  at  about  70 
to  73  MPa).  Thus,  we  had  to  rely  on  the  scratch  test  for  comparative  information.  The 
first  Cr  sample  (#5)  did  not  delaminate  directly  in  the  stylus  track,  but  some  lifting  of 
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the  film  occurred  along  the  track  edge  starting  at  a  load  of  2  N  using  a  200-(im  diameter 
diamond  stylus.  The  AE  signature  for  this  sample  showed  a  drastic  increase  in  acoustic 
activity  as  the  load  increased  from  3  to  5  N.  This  could  be  attributed  to  the  formation 
of  tensile  cracks  in  the  coating  which  are  seen  at  loads  very  much  lower  than  those 
expected  for  substrate  cracking.  Tensile  cracks  are  formed  behind  the  stylus  alcag  zones 
of  maximum  tensile  stress.  The  laser  energy  density  for  this  test  was  192  ituJ/cm^. 

Scratch  test  results  for  the  next  two  Cr  samples  (#6  and  #7)  showed  no  film  damage 
(with  the  200-/im  diamond  stylus)  for  either  sample  prior  to  substrate  failure.  Increased 
adhesion  due  to  the  pre-etch  removal  of  hydrocarbons  is  the  probable  reason  for  this. 
Adhesive  forces  are  greater  than  the  stylus- induced  forces.  The  AE  signatures  for  each 
of  the  samples  are  almost  identical  and  show  a  smooth,  gradual  rise  from  2  to  9  N, 
achieving  a  maximum  of  about  only  one-third  of  the  maximum  for  sample  #5.  These  AE 
signatures  correspond  to  the  failure  of  the  glass  substrate,  and  not  the  film.  The  laser 
threshold  energy  densities  for  these  samples  were  237  and  251  mJ/cm^,  respectively. 

Thus,  we  again  observe  excellent  correlation  of  the  laser  ablation  test  with  conventional 
tests.  In  addition,  for  the  laser  ablation  test,  we  see  (i)  an  increased  range  above  the 
pull-test  limit,  and  (ii)  an  apparently  finer  distinction  between  two  cases  where  the 
scratch  test  was  unable  to  cause  film  failure. 

Aq  on  ULE  Glass 

For  the  Ag/ULE  glass  samples,  all  pull  tests  again  failed  to  provide  adhesion 
information,  but  for  reasons  opposite  those  of  the  Cr/ULE  glass  system.  For  Ag  samples 
#8  and  #10,  the  epoxy-bonded  stud/silver  literally  fell  off  of  the  substrate  before  it 
could  be  loaded  into  the  pull  tester.  Sample  #9  held  together  long  enough  to  obtain  a 
reading  of  2067  kPa  (300  psi).  The  wide  difference  in  results  between  Cr  and  Ag  ought  to 
be  expected.  The  adherence  of  metal  films  on  oxide  substrates  is  related  to  the  free 
energy  of  oxide  formation  (AFj).  As  free  energy  values  become  more  negative,  adhesion 
due  to  chemical  bonding  increases.  The  IiF£  values  for  Ag  and  Cr  are  -0.112  and  -10.9 
eV/atom,  respectively. 

Thus,  again  we  had  to  rely  on  the  scratch  tester  for  quantitative  comparative 
information.  With  the  200-tim  stylus,  material  removal  occurred  for  all  silver  samples  at 
an  initial  load  of  1  N,  which  is  the  minimum  load  that  can  be  applied.  Using  an  800-/im 
stainless  steel  stylus,  a  marked  difference  in  the  adhesion  between  the  Ag  samples  could 
be  observed.  Post-scratch  examination  of  the  three  Ag  samples  using  both  optical  and 
scanning  electron  microscopy  showed  the  following; 

The  silver  film  on  the  untreated  sample  (#8)  was  completely  and  cleanly  removed  across 
a  substantial  width  of  the  stylus  track.  The  corresponding  threshold  laser  energy  for 
this  sample  was  83.9  mJ/cm^.  At  the  same  loading  condition  (approximately  8.8  N) ,  the  Ag 
film  on  the  pre-etched  glass  sample  (#9)  was  again  cleanly  removed,  but  the  track  of 
removal  was  less  than  half  that  of  sample  #8.  Threshold  laser  energy  for  this  sample 
(the  only  sample  with  a  nonzero  pull  test  result)  was  158  mJ/cm^,  m  contrast  with  the 
other  two  Ag  samples,  scratch  results  for  the  combined  pre-etch  and  lAD  Ag  sample  (#10) 
showed  a  very  ductile,  or  thinning  out,  behavior  of  the  metal  over  a  track  width  somewhat 
wider  than  the  untreated  Ag  sample  (#8).  Material  removal  was  comparable  with  that  of 
sample  #9  but  was  smeared  out  over  a  significantly  larger  area.  The  corresponding  thres¬ 
hold  energy  density  is  132  mJ/cm^.  Again,  the  laser  test  appears  to  give  useful  correla¬ 
tive  results  where  other  tests  cannot  because  of  insufficient  sensitivity. 
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Conclusions 


Excimer  laser  energy  is  used  to  provide  rapid,  highly  reproducible,  quantitative 
information  on  the  adherence  of  vacuum-deposited  thin  metal  films  grown  on  inorganic  and 
organic  substrates.  Film-failure  threshold  energy  delivered  by  the  laser  beam  is 
observed  to  correlate  with  the  degree  of  adhesion  (as  determined  by  alternate 
conventional  techniques).  The  higher  the  degree  of  adhesion,  the  larger  is  the  value  of 
laser  energy  density  required  to  initiate  threshold  failure  of  the  thin  film.  The  test 
is  nonintrusive  in  that  (i)  extra  thermal,  chemical,  or  adhesive  preparations  are  not 
required  prior  to  performing  the  test,  and  (ii)  no  mechanical  contact,  loading,  or 
pre-stressing  of  the  film/substrate  system  occurs.  Any  or  all  of  these  effects  may  alter 
or  obscure  the  test  results.  In  addition,  adhesion  measurement  by  laser  ablation 
provides  differential  information  in  cases  where  conventional  tests  fail.  This  is  due  to 
an  increase  in  both  the  sensitivity  and  the  range  of  adhesion  measurements  of  a  given 
system. 

References 


1. 


2. 


3. 

4. 


5. 


6. 


7. 


8. 

9. 


10. 


11. 

12. 


K.  L.  Mittal,  in  Adhesion  Measurement  of  Thin  Films,  Thick  Films,  and  Bulk  Coatings, 
ASTM  STP  640,  K.  L.  Mittal,  Ed.,  (American  Society  for  Testing  and  Materials, 
Philadelphia,  1978)  pp.  5-17. 

J.  D.  van  der  Waals' ,  Thesis,  Leiden,  1873. 

F.  London,  Z.  Physik  63,  245  (1930);  Trans.  Faraday  Soc.  33,  8  (1937). 

W.  H.  Keesom,  Proc.  K.  Ned.  Akad.  Wetenschap.  18,  636  (1915);  23,  939  (1920);  Phys. 
Zeit.  22,  129  (1921);  22,  643  (1921). 

P.  Debye,  Phys.  Zeit.  21,  178  (1920);  22,  302  (1921). 

H.  C.  Hamaker,  Physica  4,  1058,  (1937). 


See  for  example:  Contact  Angle,  Wettability,  and  Adhesion,  R.  F.  Gould,  Ed.,  ACS 
Advances  in  Chemistry  Series  #43,  (American  Chemical  Society,  Washington,  D.  C., 
1964);  R.  G.  Dillingham,  D.  J.  Ondrus,  F.  J.  Boerio,  J.  Adhesion  21,  95  (1987). 

Ref.  1,  p.  8. 

R.  J.  Good,  in  Adhesion  Measurement  of  Thin  Films,  Thick  Films,  and  Bulk  Coatings, 
ASTM  STP  640,  K.  L.  Mittal,  Ed.,  (American  Society  for  Testing  and  Materials, 
Philadelphia,  1978)  pp  18-29. 

See  for  example;  Ref.  1;  D.  S.  Campbell,  in  Handbook  of  Thin  Film  Technology,  L.  I. 
Maissel  and  R.  Glang,  Eds.,  (McGraw-Hill,  New  York,  Chap.  12;  J.  Valli,  J.  Vac.  Sci. 
Technol.  A  4,  3007  (1986). 

F.  A.  List  and  R.  A.  McKee,  Thin  Solid  Films  151,  17  (1987). 

J.  L.  Vossen,  in  Adhesion  Measurement  of  Thin  Films,  Thick  Films,  and  Bulk 
Coatings,  ASTM  STP  640,  K.  L.  Mittal,  Ed.,  (American  Society  for  Testing  and 
Materials,  Philadelphia,  1978)  pp.  122-133. 


1104 


LASER  CUTTING  HACHINE  FOR  TEXTILE  INDUSTRY  l  :<  ) 


Fernando  ]J ,  Carvalho  (1),  M.  Kiban  'I'eixeira  (1), 

F.  Carvalho  Rodrigues  (1),  Cassiario  Rais  (1) 

Jaime  Alonso  (1),  Dietmar  Appelt  ('A) 

(1)  LNF.TI  -  Optica,  1K99  LISBOA  CODEX,  l^URTllGAL 
Telf:  (01)  7h89181 

(2)  EFACEC,  PORTUGAL 

(3)  Research  supported  by  grant  for  the  Ministry  of  Industry  and 
EFACEC. 


ABSTRACT 


A  cutting  machine  using  a  bO  watts  Carbon  Dioxide  laser  is  presented.  The  machine 
was  devel  loped  for  the  textile  industry  under  the  Portugue.se  Researcli  Program  "ROBLAS  "  , 
envolving  Indust. ries.  Textile  Universities  and  a  Gouvernment  Research  Center. 

The  laser,  translation  mechanisms  and  interface  were  deveiloped  and  build  for  the 
machine,  totally  controlled  through  a  Personal  Computer. 


INTRODUCTION 


The  ma':hine  presented  on  this  paper  is  one  of  the  results  of  a  Portuguese 
reasearoh  and  devel lopment  program  named  "ROBLAS". 

The  program  was  financed  b.v  the  ministry  of  industry  and  has  been  executed  by  a 
group  of  researchers  from: 

LNETI  ■  National  r,aV>oratory  for  Industrial  Technology  and  Engineering 
UBT  -  Universit.v  of  CovilhA 

FID  -  A  private  research  and  devellopment  company  oii  electronics. 

EFACEC  -  A  private  company  devoted  to  the  production  of  laser  technology  and 
equipment  for  textile  industry 

The  pr'.'.iect  of  the  "Laser  Cutting  Machine  for  Textile  Industry"  has  involved  four 
diferent  areas: 

Optica  and  Lasers 
Elect.ronics  and  Robotics 
Meehan i cs 
Bo  f  (.ware 

The  machine  itself  may  be  described  a.s  a  table  plotter  without  pen  and  with  a 

1  a  .s  e  r  - 

There  ax’e  four  subsystems  in  the  machine: 

The  laser 

The  translation  table  and  structure 
The  interface 

The  soft.ware  for  the  personal  computer 


THE  LAGER 


The  C02  Laser  used  in  the  machine  is  a  continuos  wave,  slow  axial  flow  laser, 
emiftin.c  an  out. put  power  level  of  50  w. 

T'"'  distarii-e  between  the  electrodes  of  the  discharge  tube  is  of  1  .  10  m  and  its 
intern  bore  is  of  14  mm.  The  discharge  tube  is  made  of  two  glass  walls,  two 

elen-t  s,  an  entrance  and  exit  gas  aperture.  Water  is  used  for  ooolig  the  discharge 

whi<^^'t  I  r:  i  ri:u  lat  i  ng  between  the  wall.s. 

At  both  terminals,  metalic  suppixrts  are  cemented  at  the  external  wall  to  receive 
through  o  -  rings  the  metalic  supports  of  the  totally  reflector  mirror 

The  coeding  circuit,  has  a  radiator  cooled  by  circulating  air,  a  water  pump  and 
tubb i ng . 
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The  laser  mixture  used  is:  IU%  COi: ,  N2,  8i)%  He.  the  elem»!()ts  of  t  iie.  ^.'as 

cireuitr.v  are  the  vacuum  rotary  pump,  the  bottle  of  ga.seous  mixtui'e,  the  pre.s.sure 
reg\ilator  and  the  needle  v.alve. 

The  power  .supply,  3  Kw,  30  Kv  is  used  tor  disohargi^  brf^akdowi.  (the  tll.scharge 
current  is  limited  by  tw.>  times  boO  K.i  resistor.s). 

Th.  laser  beam  i  .s  emitt.ed  with  a  diameter  of  Y  ,  h  mm  with  a  divergence  'A'  17, b 

mrad . 


THE  TKANSbATltJN  TABbE  AND  STRUCTUkE 


Tlie  laser  beam  is  t.r.arisiated  to  the  cutting  point  thr>>ugh  a  XY  inerdian  i  sm  v^hioh 
allows  a  total  working  area  x  1  meter.  to  cover  thi.s  area  a  d'.uble  fixed  rail 

i  .1  mounted  on  e.ach  of  the  shorter  sides  of  the  machine.  A  ionger  rail  conects  the  tw>j 
carriage.s  and  is  moved  along  the  shorter  side  of  the  table  y  movement  I  .  (-'arri.age  of 
the  rail  I'ontains  the  objective  lens  and  aspiration  shoe  (x  miovement). 

Movements  are  produced  on  step  motors,  7,b  degree  step,  (i,l  tjm  of  binary,  .and 
transmited  to  the  carriages  through  a  t.imming  belt.  To  prevent  a  twist  le  effect  on  f.he 
y  .axi.s,  its  movement  is  transmited  by  two  belts,  one  on  each  rail,  both  with  the  same 
s  p  i  n  d  1  •  . 

Reduction  of  the  transmission  is  made  in  such  a  way  that  .a  re.solutic^n  of  0,4  mm 
i  s  oht.a  i  ned  . 

In  order  to  optimize  space  the  las.<rr  system  and  power  suppjy  are  totally 
installed  under  the  top  of  the  table.  baser  tube  is  at  .an  eas.v  to  rea<7li  position  in 
order  to  facilitate  the  aillgment  procedures.  The  laser  beam  is  deviatted  through  four 
rni  rror.s  before  reaching  the  lens  with  a  foe  ,1  of  bu  mm  creating  a  f(.)cus  of  tenth  of  a 
milimit.er,  under  a  depth  of  focus  of  1  mm. 


Carriage  and  ipticai  system 

THE  INTEREAUE 


The  machine  is  controlled  from  a  personal  computei'  through  the  par.allel 
i nf  erf  ace . 

The  irit.t  face,  ,'^tepper  drives,  laser  drive  and  logic  power  .supply  .are  hr.>u.scd  in  a 
rack  with  a1  I  the  interconnections  between  unit.s.  The  m'^t.he  rho.a  rd  i  tv  aj  r  P' '  n  t  e  s  a 
coririer.:ti;ir  for  direct  ■.■' mnect i on  from  l.he  R.C. 

1  he  interface  i  .s  designed  to  match  the  .stand.ard  cent  r^in  i  <■■.=.  p'li't.  1...'  the  4  phase 
uni.  'lar  stepping  motor  drives,  HAAlDoY. 

The  ceritriTiics  prot'acol  ha.s  no  formal  .specification  but  the  t. idling  diagrani.s  an- 
c  r i t  leal 

The  eight.  1  i  rifss  nf  dal  .a  control  are  u.sed  in  the  fi.d  lowing  way:  two  .set.s  of  three 

1  ines  are  used  to  rywitro!  the  two  .-i.epper  motor.s  another  I  i  rn-  ident.i  t.i>es  l.h"  l.a.sor  on 
laser  off  s  t  a  t  u.s  . 


1106 


THK  SOFTWARE 

Th^i  mxy  system  written  in  turbo  Pascal,  was  deveJoped  as  a  S6it-  of  separate 
programs  usin.f^  common  utility  routines  and  library  files.  They  were  then  compiled  as  a 
set  of  rnodule.s  directed  by  a  menu  driven  command  interpreter.  Memory  requirements 
were  miriimi.sed  by  placing  each  module  (included  file)  in  a  separ-ate  overlay,  with  the 
interpreter  and  m<-’iiitor  in  the  main  program. 

The  modules  availaijie  in  the  program  are  listed  in  the  top  •  level  menu.  Each 
tnod\iLe  i  .s  acoessed  by  typing  the  higt  lighted  Letter  and  generally  respond.s  with 
reque.sts  f«>r  nece.saary  pai'amoters  or  even  file  names. 

Editor  menu  allows  the  deve  1  Lopment  of  dat.a  files  wLii'^.h  c».*nt.-t  i  n.s  .an  analog  model 
«-f  the  desired  «lesigri  and  st*.res  tViO  pictures  as  geometric  data  attributes,  and 
relationships.  the  .-jther  hand,  it’s  possible  to  add  alphanumeric  text. 

Each  pi^.rture  correspond.s  to  a  data  structure  that  contains  most  of  ttie 
i  nf  ■  )rm.atiori .  Mo.st  comm»jn  .structures  are  possible  to  be  used  in  order  to  create  the 
forpis  +  «•'  be  drawn.  Text  characters  may  be  introduced  at.  any  time  and  are  represented  as 
a  series  of  line  segments.  Special  attributes  such  as  speed  laser  on  /  laser  off  may 
he  defined  at.  this  point. 

Utilities  are  special  database  acess  -  routines  partieulary  designeded  for 
•applications.  They  are  associated  with  the  positioning,  scaling,  rotating,  skewing  and 
copying  of  pictures.  Utilities  include  a  set  of  several  filters  that  have  been 
deve  (  loped  t*"!  adapt,  files  from  diferent  CAD  sy.stems  to  data  files  possible  to  be  used 
at  t.his  machine. 

Once  3  data  file  has  been  finished  it  is  possible  to  run  that  file  in  the 
machirje,  u.sing  the  prooe.ssing  facilities.  These,  include  a  positioning  capability 
through  a  manual  mode  by  pressing  curs''>r  keys.  Run  mode,  is  used  to  cut  a  form 
accordingly  with  the  data  file  in  use. 

.Special  attributes  may  be  changed  at  any  time  to  improve  efficiency  of  the 
mach 1 ne 


apflil’atiqns 

The  m.achine  is  now  beeing  used  for  testing  its  cutting  capabilities  at  the 
1 ndust  ry 

Good  r.'sults  are  beeing  obtained  since  the  usual  cards  are  easily  cut  by  machine 
at  a  convenient,  f^pe.ed . 

However  this  machine  does’nt  fulfils  all  the  needs  of  the  industry  s.ince  a 
plott.er  is  aliwaya  nece.ssary. 

That  is  why  a  table  plotter,  based  on  the  work  made  with  this  machine,  was 
deve 1  1  oped , 


TECHN 1 CAL  CHARACTER I ST I CS 


The  machine  presents  a 
nominal  speed  of  bO  mm/.s.  Any 


maximum  working  speed  of  70  mi  limiters  per  second  for  a 
value  smaller  than  that  may  be  selected  in  a  continues 


way . 

The  total  working  area  is  1,6  meter  for  1  meter.  0verr3ll  area  repeatibiiiy  is 
V-etter  than  1  m  i  I  1  i  t.e  r .  The  resolution  assoc:iated  with  a  single  step  of  the  motor  is 
< ) , 5  mm . 

Th*=*  machine  has  overall  dimensions  of  2  m  for  1,4  m  and  1  meter  height, 
power  eon.suption  is  10  amps  over  220  volts,  single  phase. 

The  weigVit  ':»f  the  machine  is  dOU  kg. 

Included  as  built-in  equipment  are: 

-  The  C02  laser  -  hO  watts 

-  High  voltage  supply  -  liO  Kv  /  3Kw 

Vactium  system 

-  Closed  watt'er  colled  .system 
limoke  exhaust  system 

-  Hearn  delivery  acessories 
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The  prototype  of  the  Laser  Cutting  machine 


FUTURE  WORK 

The  prototype  presented  here  is  finished  and  beeing  industrialized  by  EFA(.'EC. 

A  similar  product,  a  table  plotter,  is  now  beeing  comercial ized . 

The  next  objectiv  of  "ROBLAS"  is  to  develop  a  machine  with  a  double  function: 
Plotter  and  laser  cutter. 

It  is  estimated  that  such  a  machine  will  be  much  more  adapted  to  industrial  needs 
instead  of  using  two  machines  one  plotter  and  one  laser  cutter. 


HIGH  THICKNESS  LASER  CUTTING 


G.  MANASSERO 
Fiat  Research  Center 

Strada  Torino  50  -  10043  ORBASSANO  (TO)  -  Italy 


-  ABSTRACT  - 


To  verify  laser  technology  benefits  for 
dismantling  nuclear  power  plants, 

experimental  tests  have  been  performed  using 
CO^  high  power  lasers  for  cutting  metals  and 
concrete . 

A  preliminary  study  was  carried  out  to  verify 
the  possibility  of  propagating  and 
controlling  high  power  beams  at  long  distance 
from  commercial  sources. 

]  -  INTRODUCTION 

A  high  number  of  nuclear  power  plants 
already  installed  in  the  industrialized 
countries  will  involve,  in  the  next 
future,  the  need  for  their  dismantling  . 
During  operation  some  structures  of  the 
plants  and  some  components  of  considerable 
dimensions  will  become  partially 
radioactive  or  contaminated. 

The  feasible  studies  on  dismantling  are, 
as  a  consequence,  based  on  the  cutting  of 
different  types  of  materials,  from 
stainless  steel  to  reinforced  concrete, 
into  blocks  of  small  dimensions.  This  in 
order  to  be  better  transportable  in 
decontaniination  and  final  storage  zones. 
During  this  dismantling  phase  it  is  often 
necessary  to  work  at  a  safety  distance 
both  for  rad i activity  or  presence  of 
products  resulted  from  the  cutting  process 
(particulate,  smoke  and  vapours). 

For  the  solution  of  the  problem  several 
techniques  may  be  used  among  which,  for 
instance,  the  mechanical  or  arch  saw,  the 
thermal  lance,  the  oxy acet i 1 en i c  flame, 
the  explosive  materials  and  finally  the 
high  power  focalized  laser  beam. 

The  capacity  of  the  last  operative 
instrument  to  work  at  long  distance  from 
the  source  and  to  generate  a  limited 
quantity  of  drosses  has  activated  the  hope 
for  its  real  utilization  and,  as  a 
consequence,  it  was  carried  out  this 
feasibility  study. 


Since  1981,  at  the  FIAT  Research  Center  (*) 
in  the  frame  of  a  research  program  promoted 
from  the  European  Community  on  the 
decommissioning  of  nuclear  installations  , 
are  conducted  experimental  cutting  and 
drilling  tests  on  different  materials  with 
high  thicknesses  /!/. 

Below  are  presented  some  of  the  significant 
results  of  this  research. 


2  -  EXPERIMENTAL  SET-UP 

Experimental  tests  were  carried  on  with  two 
different  high  power  C0„  laser  systems.  One 
of  these  utilizes  a  15  kW  AVCO  HPL  source 
vnth  an  annular  beam  configuration  and  a 
Cassegrain  focalizing  optical  system  f/7. 
The  cutting  station  has  two  linear  and  one 
rotating  axes  controlled  by  a  CNC.  This  also 
keeps  under  control  the  laser  beam  power. 

Fig.  1  shows  the  mechanical  apparatus 
utilized  in  the  cutting  and  welding  station 
for  the  handling  of  samples  to  be  cutted. 
The  processing  zone  is  limited  by  a  metallic 
container,  with  a  transparent  window  in 
order  to  prevent  the  cutting  products  to 
diffuse  in  the  surrounding  area. 

With  appropriate  measurement  instruments, 
the  particulate  emission  was  analyzed  for 
granulometry  and  chemical  composition. 

The  second  system  consisted  of  a  5  kW 
Spectra  Physics  laser  source  and  a  work 
station  with  only  a  linear  and  a  rotating 
table.  The  cutting  station  which  utilizes 
v;ator  cooled  copper  mirrors  for  beam 
propagation  and  directing  and  a  focalizing 
ZnSe  lens  system  with  protection  and 
assi  stance  nozzles  . 


(*)  Research  supported  by  FIAT  Components 
and  Plants  for  Energy  and  Industry. 
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One  of  the  objective  of  the  research  was 
to  verify  the  utilization  of  the  laser 
beam  at  long  distance  from  the  source  and, 
mainly,  to  have  a  uniform  process  result 
in  a  large  working  area.  This  requires  a 
laser  beam  as  more  as  possible  collimated 
in  the  selected  range  of  distances  between 
5  and  30m  from  the  source. 

By  knowing  the  laser  beam  parameters  as 
the  multimode  coefficient,  the  diameter 
and  position  of  the  waist,  obtained  by  a 
theoretical  and  experimental  procedure  in 
the  case  of  welding  and  cutting  cavity 
/2/,  it  was  possibile,  with  a  mathematical 
model,  to  calculate  the  characteristics  of 
the  corrective  mirrors  and  of  the  laser 
beam  along  the  optical  path  /3/. 

The  optical  system  used  is  shown  in  Fig. 
2.  The  laser  beam,  after  a  first 
reflection  on  mirror  Ml  goes  on  mirrors  M2 
and  M3  which  establish  the  collimator 
system  (the  curvature  values  are, 
respectively,  -3600  mm  and  5500  men). 

When  the  mirror  M4  intercept  the  beam  the 
focal  plane  position  obtained  is  at  5  m 
far  from  the  output  window  of  the  source 
and,  therefore,  we  are  working  at  the 
lower  limit  of  the  selected  operating 
area.  On  the  other  way  the  laser  beam  is 
directed  by  the  plane  mirrors  M5,  H6,  M7, 
M8  and  M9  and,  after  a  path  of  30  m, 
reaches  the  working  plane. 

In  Fig.  3  the  experimental  realization  is 
shown.  The  radiation  is  confined  in 
metallic  tubes  both  for  protection  and 
controlling  of  the  gas  flow  uniformity  in 
the  inside  in  order  to  prevent  for  thermal 
effects  along  the  beam  path. 

Having  a  flexible  focalizing  mechanical 
system  it  v/as  possible  to  utilize  the 
appropriate  focal  lenght  for  each 
thickness  to  be  cutted  . 

In  our  specific  problem  it  was  found  that 
it  is  better  to  use  a  10  inches  focal 
lenght  tor  thicknesses  between  5  and  15  mm 
and  20  inches  for  the  range  between  15  and 
40  mm  /3/. 

The  focalizing  optical  element  could  also 
be  a  water  cooled  metallic  parabolic 
mirror  with  or  without  high  reflecting 
surface  coatings.  The  selection  between 
reflective  or  transmissive  optical  element 
depends  of  the  particular  operating 


situation.  The  lens  permits  to  work  axially 
with  the  beam  direction  and  have  a  better 
uniformity  and  depth  of  focus  but  is  more 
delicate  and  expensive  than  parabolic  cupper 
or  other  highly  reflecting  metallic  mirrors 
for  the  infrared  radiation. 

In  both  situations  it  is  necessary  to  work 
with  appropriate  protection  of  the  final 
ontic  from  narticulate  produced  by  the 
cutting  process. 

During  the  process  optimization  it  was  also 
evaluated  the  effect  of  varying  the 
assistance  nozzle  type  and  the  flow  rate  for 
different  gases.  Tubular  metallic  nozzles 
single  and  twin  (with  internal  diameter 
between  0.5  and  1.5  mm)  and  coaxial  nozzle 
(with  variable  aperture)  were  tested. 

The  tests  have  shown  that  better  results, 
concerning  the  cutting  depth,  are  obtained 
using  the  tubular  nozzles.  The  presence  of 
coaxial  flow  and  a  laminar  flow  between  the 
focalizing  optics  and  the  sample  give  an 
additional  protection  against  spatters  and 
smoke . 

The  oxygen  gas  permits  to  obtain  better 
results  concerning  the  maximum  obtainable 
cutting  depth,  for  mild  steel,  but  the 
advantages  in  comparison  with  others  gases 
decrease  with  stainless  steel  and  there  are 
almost  no  differences  for  concrete. 


3  -  RESULTS  OF  CUTTING  TESTS 

The  results  of  experimental  tests  have  been 
obtained  after  an  optimization  fase  of  the 
different  parameters  concerning  the  cutting 
and  drilling  processes.  In  particular,  in 
addition  to  the  focal  lenght  and  gas  type 
variation,  the  following  factors  were 
considered  : 

.  nozzles  position  as  regard  to  laser  beam 
and  sample; 

.  focal  position  as  regards  the  upper 
surface  of  the  samole; 

.  flow  rate  of  assistance  gas. 

The  dimensions  of  the  utilized  samples  for 
cutting  were  200  x  200x  200  mm  and  150  x  150 
X  150  mm  for  concrete  blocks  and  circular  or 
rectangular  plates  15,  30,  40  and  45  mm 

thick  of  steel  Fe42C  and  AISI  304. 
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3.1  -  Concrete  cutting 

In  Tab.  1  are  reported  some  results  on 
concrete  cutting,  obtained  with  the  AVCO 
laser,  utilizing  a  tubular  nozzle  with  an 
internal  diameter  of  1.5  mm.  This  was 
positioned  with  an  angle  of  15°  and  at  5 
mm  from  the  upper  surface  of  the  sample  to 
be  cutted.  The  best  position  for  the  focal 
plane  resulted  at  5  mm  inside  the 
material.  The  oxygen  was  utilized  with  700 
KPa  pressure  and  5000  1/h  flow  rate. 

The  data  show  that  it  is  possible  to  cut 
concrete  at  a  mean  depth  of  160  mm  using  a 
beam  power  of  10  kW  at  the  speed  of  0.01 
m/min.  The  repeat! bi 1 i ty  of  depth  cut 
value  is  about  10%.  The  maximum  depth 
increases  when  the  concrete  is  steel 
reinforced  due  to  the  exothermal  reaction 
between  oxygen  and  iron  at  high 
temperatures  . 

Fig.  4  shows  a  typical  laser  cut  on 
concrete.  As  the  depth  increases  the 
cutting  kerf  become  large  due  to  the  focal 
olane  position  very  close  the  upper 
surface.  This  set-up  cannot  be  modified 
because  it  is  necessary  to  have  at  the 
surface,  expecially  for  concrete  ,  high 
DOwer  density  in  order  to  begin  the 
melting  and  vaporization  phenomena  typical 
of  the  cutting  processes. 

Laser  cutting  is  more  easy  when  can  be 
completed  at  once  in  order  to  facilitate 
fume  and  particulate  expulsion  below.  The 
risk  of  damaging  focalizing  optical 
elements  is  also  lower. 

3.2  -  Metals  cutting 

Laser  cutting  tests  on  metals  have  been 
carried  out,  mainly,  on  two  materials 
largely  used  in  the  nuclear  power  plants  : 
the  mild  steel  Fe42C  and  the  stainless 
steel  AISI  304. 

The  nozzles  used  are  the  same  as  those  for 
the  concrete  but  the  oxygen  pressure  was 
higher  (300  KPa)  and  the  focal  plane  was 
placed  inside  the  material  at  a  distance 
equal  to  1/3  of  the  sample  thickness. 

In  Tab.  2  are  summarized  the  most 
significative  cutting  results  using  either 
the  AVCO  or  the  Spectra  Physics  source  . 


The  mean  depth  from  repeated  cuts  at  varius 
powers  and  speeds  are  reported.  As  shown  the 
laser  S.P.  is  more  efficient  than  the  AVCO 
one.  This  difference  can  be  explained  with 
different  characteristics  of  the  beam  energy 
distribution  which  are  very  important  for 
cutting  processes.  In  fact,  with  the  new 
fast  axial  flow  laser  sources  having  an 
oscillation  cavity  mode  nearly  TEMoo,  it  is 
possible  to  increase  the  cutting  speeds 
without  changing  the  others  parameters. 
Anyway,  with  our  laser  sources,  it  was 
nossible  to  cut  more  than  100  mm  thickness 
of  steel.  The  cutting  quality  was  not  taken 
into  account  because  has  no  importance  for 
dismantling  processes. 

In  the  case  of  Fe42C  steel  isothermal 
reactions  help  the  cutting  process  but  has  a 
different  behavior,  compared  with  the 
stainless  steel  AISI  304,  on  the  particulate 
emitted.  The  cutting  products  quantity 
produced  and  the  particulate  analysis  aren't 
treated  in  this  paper  but,  probably,  it  will 
be  the  result  in  this  field  of  studies  to 
establish  if  the  laser  cutting  is 
competitive  compared  with  more  traditional 
thermal  cutting  processes. 

In  Tab.  3  are  summarized  the  results  for  the 
AISI  304  steel  cutting;  the  operation 
conditions  are  the  same  as  those  for  Fe42C, 
From  the  data  analysis  appears  that  the 
cutting  efficiency  is  lower,  as  compared  to 
the  mild  steel,  of  about  20%  on  the  cut 
depth;  the  difference  between  the  two 
utilized  sources  remain. 

In  the  Fig.  5  are  shown  some  samples  15  mm 
thick  after  cutting  with  a  laser  power  of 
4.1  kW  (S.P.  source)  and  0.3-0. 5  m/min  of 
s  peed . 


4  -  CONCLUSIONS 

Several  high  thickness  laser  cutting  tests 
have  been  carried  out  on  metallic  and 
concrete  materials.  The  results  demonstrate 
the  feasibility  of  the  process  and  that  it 
is  possible  to  cut  thicknesses  higher  than 
100  mm  of  carbon  steel  at  a  power  of  10  kW. 
These  values  are  valid  if  associated  with 
the  specific  laser  sources  utilized  in  this 
research  and  might  be  improved  with  beams 
having  an  energy  distribution  more  close  to 
the  fundamental  mode. 
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With  a  bean  propagation  mathematical  model 
which  needed  few  characteristics  of  the 
used  beam,  some  radiation  properties  were 
evaluated,  in  a  working  range  between  5 
and  30  m  from  the  source.  Computed 
parameter  were  beam  diameter,  collimation 
and  focalizing  degree  of  the  beam. 

The  evaluation  of  the  cutting  particulate, 
expecially  for  lower  granulometry,  will 
establish  if  laser  could  be  competitive  as 
regard  to  the  traditional  thermal  cutting 
processes . 

Among  problems  still  to  be  solved  v;e  could 
mention  the  optics  behaviour  in  presence 
of  smoke  and  radioactive  particulate,  the 
remote  control  of  the  focalizing  head  and 
the  visualization  of  the  process  in  real 
time. 
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SINGLE  NOZZLE  INTERNAL  DIAMETER  :  1 . 5  mm 


OXYGEN  PRESSURE  :  700  KP« 

POSITION  OP  FOCAL  PLANE  :  >5  mm  PROM  THE  UPPER 

SURFACE 

OIKENSION  OF  THE  SAMPLES  <  200x200x200  AND 

150x150x150  mm 


p 

1  V 

1  h 

(kW) 

1  (m/nin) 

1  (mm) 

s 

1 

1  0.02 

1 

1 

1  78  ±  5 

1 

10 

1 

1  0.01 

1 

1 

1  160  i  23 

1 

10 

1 

1  0.02 

1 

1 

1  94+14 

1 

10 

1 

1  0.03 

1 

1 

1  84+6 

1 

10 

1 

1  0.04 

1 

1 

1  81+8 
) 

10 

1 

1  o.os 

1 

1 

f  64+5 

1 

10 

1 

r  0.06 

1 

1 

1  60  1  9 

I 

TAB.  1  -  LASER  CUTTING  ON  CONCRETE  WITH  AVCO  HPL  SOURCE 
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1 
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1 

1 

1 
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1 

1 
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1 

1 

1 
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5 

0.2 
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45 
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1 

1 
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1 

1 

1 

1 

1 

1 
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15 

1 
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I 

) 

1 

1 

1 

1 

4.1 
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1  30 

30 
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f 

1 

1 

f 

TAB. 

3  -  LASER  CUTTING  ON  AISI  304  STEEL 

WITH  AVCO 

HPL 

*  SINGLE  NOZZLE  INTERNA  DIAMETER  :  1 . 5  mm 

*  OXYGEN  PRESSURE  :  800  KP« 

*  POSITION  FOCAL  PLANE  :  -1/3  OF  SAMPLE  THICKNESS 

FROM  THE  UPPER  SURFACE 


P 

V 

1  h 

1  Sample 

1 

1  Laser 

1  thickness 

1  source 

(kW) 

(m/min ) 

1  (mm) 

1  (mmT 

1 

1 

S 

0.2 

1  31  +  4 

1  40 

1 

1  AVCO 

1 

7.5 

0.2 

I  35  +  4 

1  40 

1 

1 

10 

0.2 

1  40 

1  40 

1 

t 

5 

0.4 

!  21  +  7 

1  40 

1 

1 

7.5 

0.4 

1  19  +  4 

1  40 

1 

1 

10 

0.41 

]  24  +  6 

1  40 

1 

1 

5 

0.6 

1  15+1 

1  40 

I 

1 

7.5 

0.6 

1  16  +  1 

1  40 

! 

1 

4.1 

C.S 

1  15 

1  15 

1 

1  S.P.  975 

1 

4.  1 

0.25 

)  30 

1  30 

I 

1  S.P.  975 

1 

TAB.  2  LASER  CUTTING  ON  MILD  STEEL  Fe42C  AVCO  HPL 
AND  SPECTRA  PHYSICS  975  SOURCES 


AND  SPECTRA  PHYSICS  975  SOURCES 
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FIG.  3  -  EXPERIMENTAL  SET-UP  OF  THE  OPTICAL  SYSTEM 
SHOWED  IN  FIG.  2 


FIG.  4  -  example  OF  LASER  CUTTING  ON 

A  CONCRETE  BLOCK  ( 200x200x200nmi) 
AT  10  kW  AND  0.02  m/min. 

(AVCO  HPL  SOURCE) 
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FIG.  5  -  Fe42C  MILD  STEEL  AND  AISI  304  STEEL  CUTS  ON  PLATES 
15  tnm  THICK  WITH  4.1  kW  BEAM  POWER  AND  0.3-0. 5  m/min 
CUTTING  SPEED  (LASER  SPECTRA  PHYSICS  MOD.  975) 


UTILIZIt:r.  LASERS  IN  TELEVISION 


Louis  L  i  Ij  i  n 
NUC-TV 


30  Rockefeller  Ploza 
Ne\<  York,  NY  1C113 
Toon  1 500W 


ABSTRACT 

Tins  paper  will  introduce  the  laser  to  broadcasters  and 
provide  sone  applications  to  the  television  production  and 
jroadcast  field.  The  applications  vnll  include  laser  cal)le 
narkinp,  talent  alignnent,  lighting  effects,  optical 
recording  and  high  speed  video  recording  using  a  pulsed 
laser  for  synchronized  i  1 1  uni na t  ion . 


Since  the  laser  uas  first  developed  hy  Tlieodore  llaiiian  at  Sell  Laboratories  in  193C 
by  flashing  a  laiip  in  tiis  vicinity  of  a  rod  of  synthetic  ruby,  the  application  of  lasers 
to  television  broadcasting  has  iieen  less  than  coherent  and  barely  perceptible.  Hov/ever, 
’..'hen  considering  tlie  laser's  high  intensity,  purity  of  color,  excellent  focusing 
preperties,  and  tetiporal  coherence  coupled  v/ith  the  short  pulse  duration,  lasers  are 
destined  to  have  a  dranatic  inpact  on  television.  Lasers  have  the  potential  to  improve 
iiiajing,  lighting,  and  effects  including  3-D  reception.  Lasers  will  be  used  as  unique 
solutions  to  problems  that  are  f undaiiental  in  nature  to  the  broadcast  industry. 

Lasers  are  becoming  more  comonplace  in  television  broadcast  facilities  today. 
Historically,  television  broadcasters  use  the  latest  technology,  and  lasers,  being  tlie 
latest  technology  can  provide  both  elegant  and  trivial  solutions  to  many  commonplace 
pro  1: 1  ems  . 


In  a  large  television  network  as  in  any  large  communications  plant,  there  are  many 
thousands  of  cal>lcs.  Cables  are  normally  numbered  \;ith  a  2  digit  alphanumeric  prefix 
follov.'ed  by  an  arbitrary  5-digit  number.  This  information  is  printed  on  both  ends  of 
any  size  cable,  vHiether  4  feet  or  300  feet  long.  In  an  emergency,  a  considerable  amount 
of  time  can  be  wasted  by  not  knowing  the  cables  purpose,  destination  and  circuit.  Bar 
code  technology,  using  laser  scanning  can  deliver  on-the-spot  alphanumeric  information. 
Direct  contact  \/ith  tlie  code  is  not  required.  An  inexpensive  He-Ne  or  semiconductor 
injection  laser  is  usually  used  and  has  the  advantage  of  small  size  and  far-field  beam 
pattern  in  the  single  transverse  plane  node. 

A  new  deve  1  opniont ,  Laser  tlarking  is  now  being  considered  for  easy  identification, 
iar  coding  the  cables  provides  a  \/ealth  of  information,  but  laser  marking  the  cables 
will  alloi/  for  the  easy  identification,  by  either  laser  barcoding  or  alpha-numeric 
mark  ings . 

As  trie  cable  is  fed  through  a  high-speed  mechanism,  the  laser  beam,  expanded, 
'jounces  off  tuning  mirrors  through  the  X  and  Y-  axis  gal  vonoi.ietric  deflecting  mirrors, 
throu.h  focusing  lens  onto  the  r;;ark  field  or  the  cable  to  be  narked. 
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THE  BEAM  PATH  OP  AN  IMAGE  MASK  PULSE-LASER  CABLE  MARKER 

The  characters,  alphanumeric  or  bar  code  are  formed  by  successive  overlapping 
spots.  The  process  is  a  clean  process,  leaving  no  hazardous  debris.  There  are  no  inks 
or  similar  expense  items  required,  therefore  this  is  not  a  labor  intensive  process. 
This  process  is  now  being  tested  for  cable  marking  and  appears  promising. 

The  design  of  complex  lighting  sets  in  large  studios  is  made  easier  by  utilizing  two 
or  three  He-Ne  lasers  and  observing  the  illuminated  fields. 

The  beam  is  modulated  through  a  series  of  prismatic  and  focusing  lenses,  designed  to 
spread  the  beam  in  a  gaussian  manner,  with  the  highest  intensity  in  the  center.  The 
laser  is  mounted  on  the  main  fresnels  and  is  used  for  precise  aiming. 

The  studio  to  be  calibrated  is  darkened,  only  one  person  is  needed  on  the  set;  thus 
a  substantial  cost  savings  is  introduced.  We  have  tested  this  procedure  for  the  set-up 
of  news  and  entertainment  shows  using  Red  and  Green  lasers,  and  have  shown  that  the  cost 
of  studio  set-up  can  be  significantly  reduced.  Using  the  inverse  square  rule,  it  can  be 
sho\/n  that  prismatic  lenses  can  be  used,  along  with  a  Keplerian  collimantor  (an 
assembly  of  2  convex  mirrors)  and  focusing  lense  from  a  distance  of  more  than  50  feet 
without  significant  divergence  or  fading. 


THE  DESIGN  OF  COMPLEX  LIGHTING  SETS  IS  MADE  EASIER  BY  USING  HE-NE  LASERS 
AND  OBSERVING  THE  ILLUMINATED  GAUSSIAN  INTENSITY  FIELDS  ON  THE  SUBJECT. 

The  math  of  each  of  the  lenses  can  be  equated  by  performing  a  beam  expansion  ratio 
and  beam  expansion  index  using  summation  calculus. 

As  the  cost  of  fiber-optics  light  guides  decrease,  it  may  become  feasible  to 
permanently  mount  on  the  fresnel  light  source  a  fiber-optic  cable  with  a  focusing  lens 
assembly  to  be  able  to  quickly  set  up  studio  lighting  using  one  switching  laser. 
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Tite  sane  beari,  projected  through  a  col  1  ir.iatcr,  can  be  I'sod  to  align  the  tslent  to 
t!io  exact,  pr eprograiiMed  autoiiatic  canera  locations.  A  line  is  projected,  crossing  v/ith 
anotlier  onto  the  anchor  person.  Tlie  bean  collination  is  perfornti  upstrean  of  trie 
cylinirical  lens  and  beansplitter  (for  crosshair  generation). 


fOR  RlPETlTiVt  NEWS  SHOWS,  LASER  GENERATED 
CROSSED -LINE  PATTERNS  ^an  BE  USED 
TO  ALIGN  THE  TALENT 


lasers  are  i;scc'  for  the  neciianical  calibration  of  precise  e  1  ec  tr  o -nec'^  a  n  i  ca  1 
tcJpc  transport  r:echa  n  i  s;  is .  A  re-'ie  laser,  '^ouplecl  to  a  convex  nirror,  whose  surface 
reflects  the  tape  head  :  lec -la  n  i  S‘i  to  be  allnneu^  rill  deliver  a  niagnified  scale  on  a  v/all 
or  screen  a  iiuch  greater  precision  than  can  be  measured  rto  cha  n  i  ca  1  1  y .  We  use  a 

fieldlensforaiiuclitighterfocus. 


THE  MECHANICAL  CALIBRATION  OF  THE  BROADCAST  VIDEO  TAPe.  HEAD  USING  A 
HE-NE  laser  for  SCALE  MAGNIFICATION . 


FOR  EXAMPLE  AN  ASPERITY  OF  IOm>n  CAN  RESULT  IN  A  SIGNAL  LOSS  OF 
5  5db  DUE  TO  TAPE/HEAO  SEPftflATiON 

FROM:  SPACING  LOSS  (Ub) -  54  6  4/X. 


Ill  one  of  liv  e  X  pe  r  i  I 'cn  t  s ,  ue  used  a  I  n  1  iun-lleon  laser  to  calibrate  the  video  heeds 
on  a  3/4  inch  tape  nacliine.  High-Speed  videography  techniques  were  used  to  capture  the 
lioving  video  head  itecfia  ii  i  sii  for  later  study. 

LASER-iiASSD  FICER-OPTIC  SYSTEMS 

A  fiLer-optic  network  running  at  speeds  over  500  llb/s  is  currently  being  tested.  In 
addition,  :  ct'iods  of  video  l,•o^uwilJth  compress  ion  are  being  developed  for  nuKiple  video 
chtnnels  per  filer  t  r  a  n  si .  i  s  s  i  or, . 


iroadcast  (juality  video,  au.'io  and  data  are  routinely  carried 
fiber  optic  systems  i.iore  than  120  Hi,;  (75  niles)  witliout  repeaters. 

■  iodular  and  are  used  as  S'uirt  and  long  '..'a  ve  1  eng  th  (t;40nti,  1  300ni,i) 

an!  as  long  '..’a  vo  1  e  n  g  t 'i  (lOe'Oni',  1  550  n,.i)  single  node,  lasers  For 

.  il“s),  '.'itliout  repeaters. 


through  laser-based 
These  Fli  systems  are 
for  short  distances 
long  i  .l  i  s  t  a  n  c  e  s  (  |  7  5 


Tiif  systems  in  iis"  toi.jy  exceed  the  r'-ost 
transmission  standard,  tie  .lS-250;>  for  short  haul, 
an  vance.i 


s  t  r i n  n  j  n  t  broadcast  quality  E  I  A 
ilitfi  the  imminent  introduction  of 


Television  t r a n sm i s s i t n  and  display  systems  fiber  optics  is  being  considered  as  one 
1  too  most  viable'  I’et  iods  of  borne  Jel  ivory  of  higher  definition  television  systems. 
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Six  channels  of  viiieo  r;iay  be  tr  ansn.i  tted  throuc.i  fiber  optic  systems  using  one 
single-mode  cable.  Th-ee  pairs  of  ■^wo  high  quality  video  signals  v/ould  be  multiplexed 

and  inserted  in  a  wavelength  divisiv^n  nu  1 1  i  p  1  e).er ,  operating  in  the  800-nn,  1  300-nni  and 

1  500-nn  band.  Excess  loss  ratios  are  less  than  0.5  dB.  The  passband  width  in  the 

multiplexer  is  \nder  than  the  oscillating  wavelength  deviation  in  the  laser  source,  and 
the  rejection-band  attenuation  is  large  enougli  to  reduce  signal  degradation  due  to 

optical  interchannel  crosstalk.  Laboratory  experinonts  in  closely  spaced  v/avelength 
multiplex ing  have  already  achieved  over  10  separate  high  speed  signals  from  single 
frequency  lasers  spaced  l.S-nsi  apart.  Current  technology  holds  laser  operation  to  ten 
g  i  ga  t)  i  t  s /se  ct  nd ,  'while  detectors  are  generally  limited  to  a  higher  order  of  magnitude. 
The  unlir.’ited  bandwidth  capabilities  of  single-node  fibers  will  rapidly  develop  when 
ojitical  S', /itches  and  device  integration  progresses.  When  this  occurs.  Ter  a  t  i  t /second 
optic.il  coripu:  n  i  c  a  t  i  on  may  become  a  reality.  Experiments  with  signals  requiring 
i'roadcast  type  ba ndw i (i t h s  continue  and  nay  prove  to  be  a  very  profitable  venture  for 

communication  companies. 


TIblOUGH  THE  AIR  LASER  MODULATIOJJ 


In  news ga th er i ng  environments  television  crews  occasionally  need  studio  to 
Transmitter  Links  and  wireless  access  away  from  thr  newsgathei  :  ng  trucks.  tlicrowave 
ciiannels  are  usually  used,  however  in  busy  urban  areas  it  is  becoming  increasingly 
difficult  to  secure  and  i.nporarily  license  a  microwave  channel.  As  a  result,  employing 
a  I'K.'ulated  laser  througfi  the  air  is  becoming  increasingly  common. 

Even  in  an  optically  congested  area,  t-hore  are  large  amounts  of  transmission  space, 
rur  e>'  ■  :ple,  under  optimal  circumstances  a  system  using  only  \%  of  the  center  frequency 
of  3000 -H  light,  could  transmit  6  x  lO^^Hz  or  50,000  digital  television  channels  of 
iro  n.llz  each.  FCC  authorization  for  optical  video  transmission  is  not  required, 
lio\.'evcr,  tlie  laser  cannot  he  rated  higficr  than  Class  II. 

Set, i conductor  lasers  are  being  used  v/ith  f access.  If  a  digital  system  is  used,  then 
response  time  on  tl'e  order  of  ten  nanoseconds  is  needed  to  carry  digital  modulation. 

OPTICAL  PROCESSING  AND  RECORDING 

Optical  computers  process  information  encoded  in  light  beams.  Digital  optical 
computers  utilize  non-lir'ar  or  bi-stable  optical  mater-'als  in  a  manner  similar  to  the 
ise  of  the  transistor  n  electronic  computer.  Another  rype  of  optical  computer,  the 
analon  opt’cal  computer,  applies  the  abi’’ty  of  a  lens  to  perform  a  fourier  transform 
and  coiivol  :ion  to  perform  advanced  mathematics  such  as  na  t  r  i  x -ria  tr  i  x  multiplication  in 
linear  algebra. 


Coi  iiiierc  i  a  1 1  y  available,  eraseable  optical  disk  drives,  are  being  developed  now.  One 
l.ay  conc.rn  is  tiiat  optical  disk  standards  are  still  in  a  state  of  flux.  Data  f'^rmats, 
track  pitch  and  other  parameters  are  nowhere  near  resolution.  A  3-11byte/second  multiple 
oeaJ  optical  disk  drive  has  been  developed  and  tested. 

Progress  is  being  made  in  using  a  single  laser  beam  to  perform  a  verifying  "read" 
action  i/hile  writing  data.  Tlie  data  is  scanned  viS  a  verifying  action  during  the  last 
tens  of  nanoseconds  of  each  laser  pulse  width.  The  pulse  duration  is  typically  50  ns. 
Dy  detecting  any  shift  in  the  reflected  DC  level  of  a  disk  that  is  tracking  data,  the 
reflection  of  t!io  reading  beam,  can  be  used  to  flag  the  presence  of  already  written 
data.  In  this  way,  by  sensing  previously  written  regions  on  the  fly,  '"he  data-transf er 
rate  will  be  sped  up.  Obviously  the  ultimate  goal  for  broadcasters  is  the  ability  to 
record,  edi..  :nd  manipulate  video  information  optically.  This  is  one  area  i/he*'’"  i.iany 
experiments  ere  being  done. 

MACRO  BIT-Pmu 


Stable  liser  cavities, 
f  ■  a  u  s  s  i  a  n  bean  distribution 
'/hen  it  has  propagated  a  distance 


such  as  the  He- 
and  expansion. 


He 


Dq  froci  D  =  0 


if  it  wt"";  a  spherical  \/ave  of  limited  angular 
is  t.'ie  angular  divergence  of  the  beam  given  l,.y: 


or  Ruby  lasers,  produce  a  beam  \/ith  a 
spot  size  of  the  beam  i/ill  expand  by  2 
.  In  the  far  field  the  beam  expands  as 
extent  and  originating  at  D=0.  Angle  0 


0  =  ANGULAR  DIVERGENCE 
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The  Macro  bit-pid  is  a  large  “interactive"  grid  with  viewer  control  via  hand-held 
He-Ne  or  Ruby  low  powered  laser.  (See  Figure  ]).  The  video  is  “chroma  keyed  onto  the 
grid,  which  is  a  detector  array  covered  by  a  polarizing  sheet.  The  laser  beam  aims  and 
when  a  trigger  is  pressed,  a  modulated  signal  is  sent  to  only  one  segment  of  the 
detector  array.  Because  the  video  is  chroma  keyed  onto  the  detector  array,  high 
resolution  graphics  may  appear  as  the  final  output. 

The  chroma  key  is  a  method  of  inserting  one  video  signal  into  a  background  video. 
For  example,  when  the  weatherman  is  pointing  to  his  video  weather  map,  the  screen  that 
he's  pointing  to  is  actually  a  blank,  flat,  blue  screen.  A  saturated  flat  blue  is 
normally  used,  since  blue  is  complementary  or  opposite  in  phase  to  human  flesh  tones. 
Thus,  the  chromance,  or  chroma  key  will  create  a  hole  in  the  final  picture  wherever  blue 
occurs  in  the  studio-camera  signal. 

Since  the  key  is  formed  strictly  from  the  studio  camera,  the  background  scene,  or  in 
our  case  the  many  different  screens  we  might  want  to  interact  \Mth,  may  contain  any 
color. 

This  resulting  equation  tells  us  that  from  a  distance  of  30  feet,  a  He-Ne  with  a 
beam  diameter  of  0.48  and  '  beam  divergence  of  1.7  mRAD  will  provide  enough  collimated 
light  power  to  focus  on  a  detector  array  with  an  area  of  9  square  inches.  Thus,  a  laser 
with  reasonably  small  cavity  length  can  be  used  with  normal  angular  divergence  and  its 
output  on  the  detector  matrix  vn  1 1  be  decodeable. 


MACRO  BfT  PAD  SINGLE  ELEMENT 


Each  Fresnel  lens  is  covered  by  a  one-way  polarizing  sheet  to  inhibit  reflective 
scanning  and  focus  incoming  laser  light  on  detector.  The  effects  of  hand  stability  will 
be  attenuated  by  the  somewhat  large  nratrix  element  size.  In  the  future  if  stability  can 
be  resolved  the  He-Ne  or  ruby  laser  can  directly  "Write"  o.ito  a  large  array  with  pixel 
resolution.  Looking  ahead,  high  powered  visible  beams  may  oe  used  for  added  effect. 

There  are  many  uses  to  the  Macro-bit  Pad.  At  present  weather  maps  and  election  coverage 
appear  to  be  the  iiacro-bit  pad's  most  promising  primary  users. 
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HOLOGRAPHY 


Holography  seems  to  be  a  technology  designed  for  television.  A  hologram  is  the 
recording  and  displaying  of  optical  information.  A  photograph  produces  an  image  by 
reflection,  v/hereas  a  hologram  utilizes  the  principal  of  diffraction.  Photographs  record 
and  display  only  intensity  and  color,  but  holograms  record  and  display  the  complex 
amplitude  of  an  optical  wavefront  that  includes  the  entirety  of  information,  intensity, 
color,  and  phase.  The  storage  of  all  of  the  optical  information  gives  rise  to  a  large 
number  of  nev/  possibilities  that  include  the  production  of  three-dimensional  imaging  - 
the  most  striking  feature  of  holograms.  The  importance  of  the  three-dimensional  imaging 
is  0 vershadov/ed  by  the  extremely  efficient  recording  capability.  This  extremely 
efficient,  high  density  recording  process  stores  tens  of  megabytes  with  a  reference 
v/ave.  Accessing  this  data  for  non-visual  use  (computers,  random  data  storage)  is  being 
studied. 

In  1972,  RCA  developed  a  holography  based  video  tape  machine,  but  the  project  was 
dropped  in  favor  of  a  magnetic  recording  system.  The  system,  called  Holotape  was  a 
method  of  recording  color  programs  on  a  special  tape  for  later  playback.  The  luminance 
and  chrominance  signals  were  converted  to  a  pair  of  images  that  were  recorded  on 
photoresist-coated  plastic  tape  in  holographic  form.  The  two  major  disadvantages  of 
this  system  were  coherent  light  readout  and  very  expensive  recording  costs.  The 
difficulties  of  forming  good  images  with  coherent  light  were  severe,  therefore  hologram 
redundancy  was  used  and  producing  the  embossing  master  was  a  very  complex  process. 

In  one  of  the  scenarios  presently  being  studied,  the  transmitted  sii^nal  consists  of 
a  time  domain  multiplexed  (TDM)  NTSC  video  signal  and  two  control  signals,  one 
displaying  phase  and  the  other  encompassing  the  additional  optical  and  visual 
information.  The  two  control  signals  are  translated  into  laser  modulated  optical  beams 
and  is  integrated  with  the  NTSC  display. 

HIGH  SPEED  VIDEO  RECORDING  USING  LASER  LIGHT  FOR  ILLUMINATION 


One  of  the  inherent  "problems"  with  the  human  eye  is  the  lag  or  persistence  of  an 
image  for  approximately  1/10  second.  The  lag,  coupled  with  the  image  integration 
performed  by  the  brain,  masks  a  large  amount  of  the  visual  information  available.  The 
iiuman  eye  cannot  resolve  motion  that  occurs  in  less  than  1/4  second.  This  is  v/here 
high-speed  videograpliy  works  well.  An  important  advantage  of  slow-notion  in  video  is 
the  ability  to  manipulate  time.  Ue  make  time  appear  normal  by  recording  the  images  at 
tlie  same  rate  at  \;liich  we  intend  to  play  them  back.  If  \ie  wish  to  slow  time  down,  we 
merely  record  at  a  rate  faster  than  it  will  be  played  back. 

Pulsed  high  repetition  laser  light  sources,  such  as  the  Argon  or  copper  vapor  laser 
(CU)  are  used  as  a  strobe  light  source  for  high-speed  video  systems.  The  lasers  have 
repetition  rates  of  4.6kHz  and  produce  pulses  of  visible  laser  light  with  energy  levels 
of  3-S  mJ. 

Because  of  the  coherent  nature  of  laser  light,  source-to-subject  distances  of  tens 
of  meters  are  possible  i/ith  negligible  loss  of  illumination.  The  coherence  factor  also 
allows  simple  manipulation  of  field  size  inexpensive  lenses.  The  copper  vapor  laser  has 
performed  \;ell  with  the  Eastman  Kodak,  5p in -Phys ic s ,  5P-Z000,  capable  of  up  to  12,000 
pictures  per  second  (P/S)  on  a  s p 1 i t -sc reeri  basis.  The  system  is  monochrome,  medium 
resolution  and  can  record  2,000  P/S  full  field.  Obviously  events  involving  humans 
cannot  be  illuminated  by  lasers. 

Extremely  high-speed  events  hov/ever,  can  be  shown  in  great  detail.  Projectiles  such 
as  bullets  or  balls  can  be  played  back  detailing  spin  and  spin  rate  and  can  be  useful  in 
demonstrating  sfiorting  events,  science  programs  and  promos  and  as  a  special  effects 
device.  Using  available  optical  recording  techniques,  one  could  only  imagine  the 
quality  of  high-speed  video  attainable. 

One  reverse  application,  applying  a  video  grapliics  system  to  analyze  lasers  is 
presently  in  use.  Using  two-dimensional  CCD  arrays,  laser  bean  profiles  can  now  he 
analyzed.  Before  this,  laser  bean  profiles  were  analyzed  aiming  the  laser  at 
photo-sensitive  paper  and  looking  at  the  burn  patterns.  The  video  graphics  system 
creates  a  pseudo-color  representation  of  the  intensity  distribution  for  the  full  bnam. 
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OP  DIFLUOROCHLOROMETHANE  MOLECULES  AND  LOW-TEMPERATURE  RECTIFICATION  OF  CARBON  MONOXIDE 
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Abstract 


The  production  of  carbon  isotopes  by  IR  multiphoton  dissociation  and  low  temperature 
rectification  of  CO  is  discussed. 


Introduction 


Production  of  carbon  isotopes  is  nowadays  performed  by  the  countercurrent  reversible 
process  of  low-temperature  carbon  monoxide  rectification.  Production  yield  scale  of 
individual  plants  is  of  the  order  of  several  kilograms  of  carbon-13,  enriched  up  to  ~90%, 
per  year.^  Energy  expenditure  e  to  perform  this  process  is  basically  connected  with 
gas-liquid  phase  transition  at  the  sites  of  phase  reversal  and  is  proportional  to  the  gas 
flow  Lp  circulating  in  the  plant, ^ 

P(Xp  -  Xp)  ^ 

*  Xp(l  -  Xp)  (ttp  -  1) 

where  ap  -  is  the  elementary  separation  factor  during  rectification.  As  follows  from 

Eq.  (1),  when  the  values  of  the  product  flow  P  and  the  desired  isotope  concentration  xp  in 

it  are  fixed,  the  energy  expenditure  decreases  with  the  increase  of  the  desired  isotope 

concentration  in  the  feed  flow  Xp  (Fig.  1).  Due  to  this,  the  major  part  of  energy 
expenditure  is  in  the  zone  of  the  initial  enrichment  from  the  level  of  the  natural  (1%)  up 
to  the  medium  (20-30%)  concentration  of  the  desired  isotope.  If  energy  expenditure  e  ~  30 
keV/atom  for  (1-90%)  concentration  range,  then  for  (30-90%)  concentration  range  this 
value  will  be  about  30  times  less,  ~1  keV/atom  Due  to  this  to  optimize  the  process 

of  carbon  isotopes  production,  it  is  recommended  to  use  a  more  effective  method  than  that 
of  the  low-temperature  carbon  monoxide  rectification  at  the  initial  step  of  carbon-13 
isotope  enrichment. 


Selective  Multiphoton  Dissociation 

As  an  example  of  such  method  this  paper  discusses  the  method  of  isotope  selective 
multiphoton  dissociation  of  molecules.^  The  experimental  data  study  showed, that 
during  the  MPD  of  carbon  containing  molecules  selectivities  of  the  elemental  separation 
step  flp  are  attainable,  which  substantially  exceed  the  separation  degree  necessary  to 
receive  the  desired  isotope  concentration  of  about  Xp  ~  20-30%,  then  for  the  initial 
enrichment  step,  it  is  advantageous  to  analyze  the  possibility  of  MPD  of  molecules  in 
separating  laser  reactor  (SLR)  with  multiplication  of  the  degree  of  the  desired  isotope 
depletion  Q.^  This  scheme  of  SLR  with  the  closed-loop  gas  circulation,  containing  the 
zone  of  laser  beam  irradiation,  is  the  most  simple  for  technical  realization  (Fig.  2). 
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Eeparating  laser  reactor  diagram 


Fig.  2 


Let  us  perform  a  comparative  analysis  of  the  parameters  of  the  separating  laser  reactor 
and  rectifying  plant  (RP).  Gas  flows,  circulating  in  SLR  and  RP  may  be  determined  from 


La  ~  V(5y(l  -  (2) 

Lp  ~  *^p/<«p  - 

Where  Py  -  dissociation  yield  of  the  MPD  process,  P^,  Pp  -  product  flows  in  SLR  and  RP 
respectively,  calculated  in  terms  of  the  pure  desired  isotope.  It  is  obvious,  that  if  /3y 
>  (a  -  1)/(1  -  Q),  then  L^  <  Lp.  For  low-temperature  carbon  monoxide  rectification  ttp  ~ 
1.007,  therefore  when  Q  ~  0.5  (a  relatively  high  degree  of  the  desired  isotope  depletion), 
then  even  with  low  desired  isotope  dissociation  yield,  (3y  >  10  the  gas  flow  in  SLR  must 
be  lower  than  that  in  RP  for  identical  P  values.  Expressions  for  the  product  flows  of  the 
desired  isotope  in  SLR  and  RP  may  be  presented  as 


~  fCSj^Pyd  Q)Xp 

KTy^ 


(3) 


~  kTp  ‘'P®P^®P 


where  Py^,  Pp,  Ty^,  Tp  -  pressures  and  temperatures  of  the  working  media  in  SLR  and  RP, 

Sp  -  linear  gas  velocity  and  cross-section  area  of  the  separating  columns  in  RP,  f  -  laser 
pulse  frequency,  5  and  Sy,^  -  linear  dimension  along  the  Ly^  flow  and  cross-section  area  of 
the  laser  irradiated  zone,  K  -  Boltzmann  constant  (Fig.  3).  Let  us  study  now  expression 
(3).  The  (op  -  1)  parameter  determines  the  desired  isotope  portion,  which  may  be  removed 
from  Lp  gas  flow  in  RP  as  a  product  flow  Pp‘^y(l-Q)  parameter,  exceeding  (ap  -  1)  when 

py  >  10”^  (Q  ~  0.5),  as  it  was  mentioned  above,  may  be  used  as  an  analog  for  the  above 
paraii.eter.  Linear  gas  flow  velocity  in  RP  is  about  1  m/s.  Linear  velocity  of  the  gas 


circulation  through  the  laser  irradiated  zone  into  the  SLR  zone, 
when  8  ~  5  cm  and  f  ~  10^  -  10^  cps  [Ref.  3]  it  may  exceed  the 
order  of  magnitude. 


=  f ' 8  (Fig.  3) ,  and 
i>p  value  for  more  than  one 


Diagram  of  the  aeparating  laser  unit,  Included  In  the 
closed  loop  gas  circulation  line 


Plg.3 


Keeping  in  mind  the  above  estimation  let  us  compare  the  values  of  the  specific 
product  flows  P/S  to  determine  the  basic  MPD  parameters,  such  as  dissociation  yield  Py  of 
the  desired  isotope  and  resonance  gas  pressure  Py^,  which  make  the  laser  method  more 
effective  than  that  of  the  low-temperature  carbon  monoxide  rectification.  P^/S^  and 
Pp/Sp  parameters  characterize  the  desired  isotope  product  flows,  which  may  be  obtained  per 
unit  cross-section  in  SLR  and  RP.  When  P_  ~  500  Torr,  ~  80  K,  a„  ~  1.007,  r  ~  0.5  m/s 

we  have  for  RP  Pp/Sp  ~  4.4  “  g^-^C/cm^s.  Figure  4  shows  dependencies  of  Py(Py^),  from  which 
it  follows  that  to  provide  P/\/Sy\  greater  than  Pp/Sp  the  resonance  gas  pressure  must  be 
about  Py\  ~  100  Torr.  When,  for  example,  Py  ~  5x10”^,  then  the  specific  production  value 
in  SLR  will  be  of  about  one  order  of  magnitude  higher  than  that  in  RP.  It  should  be 
mentioned  that  values  of  about  Py  <  0.1  are  realistic  values  for  the  desired  isotope 
dissociation  yield. 
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To  provide  the  necessary  regime  in  MPD  the  molecule  of  dif luorochloromethane  was 
chosen,  which  belongs  to  the  group  of  smaller  molecules  characterized  by  the  relatively 
high  quasi continuum  boundary  level  and  thus  by  the  extended  discrete  network  of  vibrationa- 
1  levels.  The  molecules  of  this  group  are  probably  the  most  perspective  for  highly  selec¬ 
tive  MPD  of  molecules. 

The  initial  series  of  the  experiments  was  performed  using  a  C02-laser  with  the 
following  pulse  specifications.  The  duration  of  the  front  pulse  peak  at  its  half-height 
was  ~80  ns,  and  at  its  base  ~250  ns;  the  pulse  contained  ~50%  of  energy;  pulse  tailing 
duration  was  ~1  ms.  On  the  basis  of  the  experimental  data  analysis  we  may  note  that 
dissociation  yield  and  dissociation  selectivity  are  weakly  dependent  on  the  buffer  gas 
pressure  (Fig.  5),  but  much  more  dependent  on  the  proper  resonance  gas  pressure  (Fig.  6). 
Dissociation  selectivity  is  high  enough,  a  ~  10^,  for  the  resonance  gas  pressure  of 
interest,  ~  100  Torr;  however,  dissociation  yield  is  low,  Py  ~  10“^.  Threshold  fluence 
for  MPD  is  independent  of  the  laser  radiation  frequency  but  is  determined  by  the  Py^ 
resonance  gas  pressure  (Fig.  7).  Threshold  fluence  value  increased  with  the  resonance  gas 
pressure  rise. 

Experimental  data  made  it  possible  to  presume  that  vibration-vibrational  exchange 
has  predominating  influence  on  the  multiphoton  excitation  and  dissociation  of  the 
dif luorochloromethane  molecule.  The  qualitative  model  of  the  process  was  simulated,  tased 
on  the  fact  that  the  main  features  of  the  process  are  connected  with  radiation  excitation 
and  vibration-vibrational  exchange  concurrence.  In  these  conditions  the  resulting  excita¬ 
tion  rate  may  be  expressed  as 
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Desired  isotope  dissociation  yield 


10"  Uo 


?  =  4  J/cm^ 
9P(26) 


Buffer  gas  pressure,  Torr 


6  8  10^ 


Resonance  gas  pressure,  Torr 


W  =  GI  -  Ky  _ 

where  I  -  laser  field  intensity;  G  -  effective  excitation  cross-section;  Ky_y  - 
vibrational  exchange  rate  constant.  To  describe  the  distribution  of  molecules  among  the 
vibrational  states  in  quasi continuum  we  can  use  the  relation® 

N_  ~  q(i')  exp(-WT)  (5) 

n  n! 


P.  =  20  Torr 


\  /  / 
-  \/  / 


J  600 


/  D.y 


f  / 


Pluence,  J/cm 


Selectivity 


where  q(i>)  -  frequency  factor,  considering  spectral  dependence  of  the  portion  of  molecules, 
excited  into  quasi continuum;  n  -  level  number;  t  -  laser  pulse  duration.  Finding  that 
dissociation  threshold  is  reached  at  such  wt  mean  vibrational  excitation  level,  at  which 
the  velocity  of  the  dissociation  level  population  rise  is  the  highest  with  wt  rise,  we  can 
obtain  a  simple  threshold  fluence  estimate,  above  which  an  effective  MPD  molecule  evolves 
at  given  P  and  r  values. 

Qn  =  +  f'D  “  1 

where  n^  -  dissociation  level  (for  dif luorochloromethane  molecule,  n^  =  18).  Using 
experimental  values  of  the  threshold  fluence  we  may  receive  the  following  constants;  G  ~ 
7.5xl0~^^  cm^,  ~  6.5x10^  Torr'^s”^.  The  analysis  of  (6),  allowing  for  G  and 

data  shows  that  when  the  above  values  of  laser  irradiation  duration,  t  ~  250  ns,  and  laser 
irradiation  fluence,  ~  4  J'cm  ^  are  used,  dissociation  yield  of  the  desired  isotope  must 
be  negligible,  when  P^^  ~  100  Torr.  In  the  meantime  it  follows  from  (6),  that  if  laser 
pulse  duration  is  shortened,  dissociation  threshold  may  remain  at  the  same  or  lower  level 
with  the  rise  of  the  resonance  gas  pressure.  Threshold  fluence  measurement  for  Pa  ~ 

100  Torr  gives  the  admissible  value  =  1  J*cm  if  pulse  duration  is  shortened  down  to 
T  ~  20  ns. 

Experiments  performed  with  C02-laser  radiation  with  20  ns  pulse  duration  confirmed 
the  above  qualitative  considerations.  Optimal  results  were  obtained  for  resonance  gas 
pressure  P^  ~  60  Torr,  when  the  desired  isotope  dissociation  yield  was  Py  ~  4x10”^  and 
isotope  concentration  in  the  product  Xp  ~  30%,  and  specific  energy  expenditures  «  ~  4 
keV/atom^^C.  Here  specific  product  yield  for  SLR  was  5-times  higher  than  that  for  RP. 

Thus  the  combined  method  of  carbon  isotope  production,  consisting  of  high  resonance 
gas  pressure  MPD  method  at  the  initial  step  of  enrichment  and  low-temperature  rectification 
method  at  the  final  step,  provided  substantial  decrease  of  total  energy  expenditures  and 
simultaneous  increase  of  the  desired  isotope  specific  product  yield.  It  follows  from  the 
above  study  that  specific  product  yield  increased  5-fold  for  the  combined  separation  method 
compared  to  the  low-temperature  rectification  method;  from  4x10”^  g^^C/cm^s  up  to  2x10“^ 
g^^C/cm^s,  and  total  energy  expenditures  decreased  from  30  down  to  5  keV/atom^^C. 
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THERMOCHEMICAL  EFFECT  OF  THE  CONTINUOUS  WAVE  AND  HIGH-REPETITION  RATE  LASERS  ON  METALS 


V.  Yu.  Baranov,  N.  A.  Zheleznov,  F.  K.  Kosyrev,  D.  D.  Malyuta,  V.  S.  Mezhevov, 

A.  V.  Rodin,  and  A.  Yu.  Sebrant 
I.  V.  Kurchatov  Institute  of  Atomic  Energy,  Moscow,  USSR 

Abstract 


Thermochemical  effects  in  CW  and  high  pulse  repetition  frequency  lasers  are  discussed. 

Introduction 

There  is  at  present  a  growing  interest  in  the  problem  of  hardening  the  surface  layers 
of  steels  and  alloys  by  changing  their  chemical  composition  in  order  to  improve  the  proper¬ 
ties  of  these  materials.^ 

The  most  promising  method  for  hardening  the  working  surfaces  of  industrial  products  is 
thermochemical  treatment  of  materials  since  it  provides  essential  increase  in  hardness 
thus  enhancing  resistance  of  the  material  to  mechanical  wear.^ 

It  is  known  that  in  the  material  treatment  practice  the  most  used  is  carburization  of 
the  surface  layers  of  the  low-carbon  steels.  The  carburizing  operation  is  carried  out  in 
practice  at  T  =  750-1100®C. ^  Carburization  of  the  surface  layers  of  workpieces  to  a 
desired  depth  takes  a  long  time  (several  hours).  Attempts  to  speed  up  this  operation 
increasing  the  temperature  or  the  concentration  of  the  carbon-containing  gas  in  the 
furnace  atmosphere  do  not  give  the  desired  result  since  increase  in  the  temperature 
results  in  intense  production  of  soot  which  prevents  carbon  from  penetrating  deep  into  the 
bulk  of  a  material.  Use  of  the  gas  glow  discharge  in  the  medium  of  ethanol,  acetone  or 
propane-butane  mixture  vapors  is  also  unsuccessful  since  significant  soot  formation 
prevents  maintaining  a  stable  glow  discharge. 


However  it  is  noted  in  Ref.  6  that  the  time  of  carburizing  12  KNZA  steel  in  the  glow 
discharge  is  reduced  at  T  =  IIOO-1300'’C. 

Of  primary  interest  are  investigations  of  the  characteristics  and  features  of  the  pro¬ 
cess  of  saturating  the  near-surface  layers  of  low-carbon  steels  with  carbon  or  nitrogen 
due  to  low-threshold  laser- induced  plasma,  the  so-called  laser  plasma  treatment,  described 
in  Refs.  7  and  8.  In  these  works  carburization  of  the  surface  layers  of  low-carbon  steels 
is  accomplished  on  account  of  products  of  carbon-containing  medium  decomposition  and  carbon 
diffusion  into  the  surface  layers  under  the  action  of  laser  radiation  upon  the  target.  In 
Ref.  7  the  plasma  was  formed  by  a  high-repetition-rate  CO2  laser  with  pulse  duration  of 
0. 5-5.0  MS  and  the  samples  were  irradiated  in  a  chamber  with  the  carbon-containing  gas 
pressure  not  exceeding  the  atmospheric  one.  Using  this  method  the  surface  layers  of  low- 
carbon  steels  can  be  carburized  to  5%  C  concentration  to  a  depth  of  some  ten  microns.  In 
Ref.  8  the  pulse  duration  was  several  milliseconds  and  carburization  of  the  surface  layers 
of  the  materials  was  reached  due  to  a  single  pulse  from  the  gaseous  medium  with  a  pressure 
of  several  dozens  of  atmospheres. 
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Lately  at  the  I.  V.  Kurchatov  Institute  of  Atomic  Energy  continuous  wave  lasers  with  an 
average  power  of  some  kilowatts  and  high-repetition-rate  CO2  lasers  with  pulse  repetition 
frequencies  up  to  10^  Hz  and  peak  powers  exceeding  10^  W  have  been  developed.  This 
enabled  investigations  of  thermochemical  treatment  of  the  metal  and  alloy  surfaces  by 
laser  radiation  to  be  performed  within  a  wide  range  of  laser  parameters. 

Hiqh-Repetition-Rate  Mode 

The  experiments  were  carried  out  on  a  high-repetition-rate  laser  Svertchok  (Fig.  1) 
with  the  following  parameters: 

Pulse  energy  1-2  J  (multimode) 

Radiation  pulse  duration  0.5-100  ns. 

Pulse  frequency  up  to  1  kHz 
Average  power  up  to  1  kW. 


Fig.  1  View  of  a  high-repetition-rate  CO2  laser  "Svertchok". 

The  optical  scheme  of  the  experiment  is  shown  in  Fig.  2.  The  laser  radiation  was  direc¬ 
ted  to  the  interaction  chamber  through  a  focusing  lens.  A  part  of  the  radiation  was  split- 
ted  to  calorimeter  K  and  photodetector.  A  sample  to  be  treated  was  fixed  on  two-coordinate 
electrically-driven  translator  7.  The  chamber  was  evacuated  to  about  1  Pa  and  then  filled 
with  the  gas  up  to  the  desired  pressure.  Diagnostics  of  the  plasma  plume  was  accomplished 
by  a  quartz  spectrograph  ISP  which  recorded  the  time  integrated  spectrum  of  the  plasma 
with  a  spatial  resolution  of  about  0.1  mm  along  the  incident  laser  beam  axis.  To  obtain 
spectrograms  with  time  resolution  a  spectral  adapter  SR  (of  SP-78  type)  was  used  together 
with  a  streak-cameras  SK  (of  FER-7  type).  High-speed  cameras  SK  FER-7  and  VFU-1  were  also 
used  for  taking  streak  pictures  of  the  plasma  plume  development  and  high-speed  photography 
at  a  frequency  of  5  x  10®  frames/s.  In  some  experiments  the  plasma  plume  transparency  for 
the  laser  radiation  was  measured  using  the  second  photodetector  and  sample  average  heating 
was  studied  by  means  of  thermocouples  caulked  into  the  sample  microscope  M  installed  on 
the  chamber  made  it  possible  to  control  visually  the  process  with  respect  to  the  quality 
of  the  surface  obtained  without  removing  the  sample  out  of  the  chamber. 
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Fig.  2  Optical  scheme  of  the  experiment. 

In  the  experiments  metals  Fe,  W,  Nb,  Cr,  Ta,  Mo,  and  others  were  used.  In  all  cases, 
layers  with  increased  concentrations  of  carbon,  nitrogen  were  obtained.  The  most  detailed 
experiments  have  been  carried  out  for  the  iron-carbon  system  which  was  the  most  convenient 
one  for  metal  testing  investigations. 

Since  the  duration  of  the  CO2  laser  pulse  dees  not  exceed  100  tis  the  concentration  of 
the  dopant  from  the  plasma  formed  on  the  melt  during  a  single  pulse  is  small,  therefore 
tens  and  even  hundreds  of  pulses  are  needed  to  obtain  high  concentrations.  This  results 
in  that  the  zones  with  noticeable  concentration  of  the  alloying  element  have  very  uniform 
distribution  of  this  element  across  the  zone.  However,  a  slight  increase  of  the  concen¬ 
tration  is  observed  near  the  surface. 

Irradiation  of  samples  by  means  of  the  high-repetition-rate  laser  is  performed  in  the 
scanning  mode,  selection  of  the  pulse  frequency  and  the  scanning  rate  provides  the  desired 
number  of  pulses  to  a  single  point. 


t,  min  JZ  8  ^ 


Fig.  3  Signal  from  the  thermocouple  caulked  into  the  sample.  The  sample  motion 
velocity  is  0.9  mm/s,  the  average  beam  power  is  200  W. 


1132 


The  high-repetition-rate  mode  of  treatment  leads  to  a  peculiar  thermal  regime  of  the 
layer  treated.  Figure  3  presents  the  signal  from  the  thermocouple  caulked  into  the  sample 
treated  at  a  depth  of  0.7  mm  below  the  surface  irradiated.  There  are  no  sharp  peaks  on 
the  plot,  showing  melting  occurring  in  the  thin  surface  layer.  The  average  heating  in¬ 
creases  with  increase  in  the  average  power  and  in  the  deep-melt  mode  may  amount  to  hun¬ 
dreds  of  degrees,  which  leads  to  change  in  the  phase  composition  of  the  alloying  layer 
compared  with  the  layer  which  was  only  subject  to  rapid  quenching  after  a  single  pulse. 
Investigations  of  the  dependence  of  the  laser-induced  plasma  parameters  on  the  gas  pres¬ 
sure  and  composition  showed  that,  first,  the  temperature  behind  the  laser-supported  deto¬ 
nation  wave  front  remains  high  enough  (corresponding  to  an  ionization  degree  of  about  1) 
for  several  (3-4)  ns,  i.e.,  the  melt  can  contact  the  alloying  element  ions  (ion  concen¬ 
tration  is  >10^^  cm“^),  not  only  during  the  pulse  peak  but  also  after  bleaching  the  plasma 
(Fig.  4).  The  alloying  element  ion  concentration,  therefore,  can  be  controlled  by  addi¬ 
tion  of  a  buffer  gas.  The  presence  of  buffer  gas  prevents  the  undesirable  increase  of  the 
threshold  of  plasma  formation  and  plasma  transparency  with  the  gas  pressure  reduction. 


Fig.  4  Time  dependence  of  the  surface  breakdown  plasma  transparence  for  different 

nitrogen  pressures.  Pulse  energy  is  1.5J,  diameter  of  spot  on  the  sample  is 
0.7  mm,  and  the  material-tantalum  pressures  (kPA):  1-97;  2-48;  3-34;  4-17. 

Therefore,  alloying  of  the  metal  from  the  gas  using  the  high-repetition-rate  CO2  lasers 
is  a  very  flexible  process. 

Note  that  in  some  cases  a  gaseous  medium  surrounding  the  sample  can  be  created  by  evap¬ 
oration  of  the  substance  set  into  the  beam  reflected  from  the  sample.  In  this  case  vacuum 
is  maintained  in  the  interaction  chamber,  which  provides  transportation  of  the  jet  of 
evaporated  substance  vapors  to  the  melt  on  the  sample.  In  the  experiment  with  graphite 
pellets  set  into  the  reflected  beam  from  the  iron  being  melted  in  vacuum  by  the  high- 
repetition-rate  laser  radiation,  high-carbon  steels  have  been  obtained,  close  to  those 
produced  in  propane. 
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Figure  5  shows  the  photographs  of  microsections  of  the  steel  treated  in  propane  at  25- 
50  MPa,  the  radiation  energy  density  in  the  sample  plane  was  90  to  130  J/cm^,  taking  into 
account  that  a  part  of  the  incident  energy  was  absorbed  in  the  gas.  The  number  of  pulses 
to  the  point  was  50.  The  X-ray  analysis  showed  that  the  lower  boundary  of  the  average 
carbon  concentration  in  the  layer  irradiated  was  about  2%. 


Continuous  Wave  Mode 


In  our  opinion,  the  method  under  consideration  opens  significant  prospects  when  using 
the  continuous  wave  laser  radiation.  First,  because  the  iron  in  liquid  state  dissolves 
easily  the  carbon  in  any  of  its  modifications  such  as  soot,  graphite,  cementite,  etc., 
and,  second,  in  the  continuous  wave  laser-irradiation  of  the  surface  the  time  when  the 
metal  is  in  the  melted  state  can  be  easily  varied  changing  the  diameter  of  the  laser-heated 
spot  and  the  velocity  of  the  beam  motion  over  the  material  surface  (as  well  as  the  laser 
beam  power).  At  the  same  time,  the  above  considerations  permit  one  to  hope  for  obtaining 
high  efficiency  of  this  method  when  a  high  carbon  concentration  at  a  significant  depth  of 
the  layer  to  be  carburized  (more  than  1  mm)  is  reached. 

In  the  present,  we  have  investigated  the  features  of  the  process  of  carburizing  the 
surface  layer  of  low-carbon  steels  in  the  carbon-containing  gas  medium  in  continuous  wave 
irradiation  with  a  1  kW  CO2  laser  of  LT--1  type.  The  experimental  setup  is  shown  in  Fig,  6, 

The  LTl  is  the  first  Soviet  industrial  laser  unit  with  a  power  of  5  kW.  The  laser  head 
is  smaller  in  comparison  with  any  foreign  units  and  the  controlled  multisection  electrode 
system  has  no  equal  in  the  world  practice.  New  designs  have  been  copyrighted  and  patented 
in  Great  Britain,  USA,  France,  FRG,  Japan,  DDR,  etc.^*^~^^ 

The  options  of  the  LTl  units  (LTl-2,  LTl-3,  LTl-3  m,  LTl-5,  2LT1-3  m,  etc.)  differ  in 
their  systems  of  working  gas  mixture  blowing,  power  supply,  cooling,  control  and  regula¬ 
tion  of  working  parameters,  arrangement  of  components;  they  work  within  a  wide  range  of 
the  working  gas  mixture  parameters  (composition,  velocity,  pressure),  current  and  voltage 
ir  the  continuous  wave  and  high-repetition-rate  modes. 
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Fig.  6  Schematic  view  ofLT-1 

1  -  discharge  chamber;  2  -  optical  resonator;  3  -  heat  exchanger;  4  -  blower- 
5  -  power  supply.  ' 


In  the  experiments,  4  mm  thick  ARMCO-iron  plates,  previously  rolled  and  cleaned  from 
scale,  were  used  as  low-carbon  steel  samples.  The  samples  were  irradiated  on  a  5  kW  LT-1 
continuous  wave  unit  in  the  jet  of  carbon-containing  gas  supplied  to  the  zone  of  the  CO2 
laser  radiation  interaction  with  the  target.  Propane  was  chosen  as  the  carbon-containing 
gas,  as  well  as  its  mixtures  with  such  inert  gases  as  Ar,  He,  N2,  etc.  The  samples  were 
moved  at  a  velocity  of  1-100  mm/s  and  the  laser  output  power  reached  3.5  kW.  The  laser 
radiation  was  focused  with  a  KCl  lens  with  a  focal  distance  of  =  200-400  mm. 

The  structures  of  the  paths  treated  were  analyzed  using  the  X-ray  diffraction  methods 
by  means  of  a  DR0N-3x-ray  diffractometer  and  URS-160  unit  with  a  RKD  camera,  and  optical 
metallography  methods.  The  structures  of  the  microsections  were  observed  after  their  chem¬ 
ical  etching  in  the  4%  solution  of  strong  nitric  acid  in  ethanol.  The  microhardness  of 
the  samples  obtained  were  measured  by  a  PMT-3  microhardness  meter  at  a  load  of  100  g.  The 
measurement  results  were  treated  statistically. 


Figure  7  shows  a  macrosection  of  the  irradiated  sample.  The  given  path  has  been 
obtained  in  the  following  treatment  mode:  laser  radiation  power  P  =  1.5  kW,  beam  velocity 
V  =  10  mm/s.  The  maximum  depth  of  treatment  reaches  0.3  mm.  Changing  the  working  regime 
it  is  possible  to  obtain  paths  with  a  width  up  to  10  mm  and  depth  up  to  a  few  millimeters. 


Fig.  7  Photograph  of  a  macrosection  of  the  path  irradiated  by  a  high-repetition-rate 
of  CO2  laser. 
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Carbon  concentration  and  microhardness  of  the  treated  zone  can  be  varied  by  choosing 
the  parameters  of  laser  interaction  with  the  surface  of  a  low-carbon  steel. 

Figure  8  shows  the  microsection  structure  obtained  in  the  pure  propane  atmosphere  with 
a  pressure  of  1.1  atm.  at  the  limiting  treatment  parameters:  velocity  of  the  beam  motion 
over  the  substrate  V  =  1  mm/s,  laser  power  P  =  3  kW. 


Fig.  8  Photograph  of  the  treatment  zone  microstructure,  5%C. 

The  treatment  zone  is  hypereutectic  pig  iron  with  a  carbon  concentration  of  about  5%  C. 
In  Fig.  8  plates  of  primary  cementite  in  the  ledeburite  matrix,  whose  dimensions  up  to 
100-150  Mm  are  clearly  seen.  With  reduction  of  the  time  of  the  radiation-target  inter¬ 
action  (e.g.,  with  increase  in  the  velocity  if  beam  motion  over  the  substrate),  the  dimen¬ 
sion  of  the  primary  cementite  plates  decrease  noticeably. 

When  the  beam  motion  velocity  is  increased,  or  the  carbon-containing  medium  is  diluted 
with  inert  gas,  the  carbon  concentration  in  the  zone  of  the  radiation-target  interaction 
is  subsequently  7%  C,  1.5%  C,  0.5%  C,  and  lower.  Figure  9  is  the  photograph  of  a  section 
with  a  carbon  concentration  of  about  1.5%  C.  In  this  case,  the  carburization  depth  reached 
is  1  mm  at  a  treatment  rate  of  about  2  cm^/s.  The  maximum  carburization  depth  in  the 
alloyed  layers  obtained  with  our  equipment  is  as  high  as  4  mm. 


Fig.  9  Photograph  of  the  treatment  zone  microstructure,  1.5%C. 
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In  all  the  carburization  conditions  microhardness  in  the  treatment  zone  is  higher  than 
6500  MPa  and  sometimes  reaches  10000  MPa  and  higher  values.  High  microhardness  values 
appear  to  be  due  to  hardening  processes  occurring  in  carbon  saturation  of  melted  metal  as 
well  as  due  to  a  high-concentration  of  the  fine-dispersed  carburization  component  in  the 
treatment  zone  structure. 

In  all  the  microsections  examined  a  white  nonetchable  zone  between  the  treatment  zone 
and  the  bulk  metal  was  observed,  which  had  a  well-marked  boundary  both  with  the  treatment 
zone  and  the  base  metal  of  the  substrate.  The  microhardness  in  this  white  zone  correspond 
to  that  of  the  layer  carburized.  Onset  of  this  zone  is  likely  to  be  connected  with  carbon 
diffusion  from  the  melts  to  the  solid. 

The  X-ray  diffraction  analysis  revealed  presence  of  ferrite  and  cementite  having  lat¬ 
tices  with  the  practically  constant  parameters  in  the  interaction  zone  for  most  treatment 
conditions.  In  the  regimes  with  the  average  velocities  of  beam  motion  and  in  dilution  of 
the  carbon-containing  medium  with  helium  significant  amounts  of  residual  austenite  were 
found  in  the  structure  components.  When  the  carbon  concentration  was  higher  than  1%  split¬ 
ting  of  martencite  duplet  was  not  observed. 

It  must  be  noted  that  in  the  melted  pool  intense  convective  stirring  of  the  liquid 
metal  occurs,  that  results  in  a  relative  equalization  of  the  carbon  concentration  to  a 
depth  of  a  few  millimeters,  wiiich  permits  the  above  process  to  be  developed  with  a  high 
capability.  At  the  same  time  under  some  treatment  conditions,  unstable  behavior  of  carbon 
concentrations  was  observed  along  the  line  of  the  beam-substrate  interaction,  the 
microhardness  in  the  zone  treated  remaining  practically  the  same.  Also,  it  should  be 
pointed  out  that,  in  treatment  of  che  surface  some  deterioration  in  its  condition  takes 
place,  similar  to  that  occurring  in  welding  (weld  reinforcement).  In  optimal  choice  of 
the  carburization  parameters  a  minimum  reinforcement  of  the  treatment  zone  (less  than 
0.1  mm),  can  be  obtained.  In  some  cases,  pores  were  observed  on  the  path  surfaces. 

Thermochemical  and  heat  treatment  of  materials  using  the  high-repetition-rate  CO2  lasers 
permits  alloying  layers  as  thin  as  about  100  vm  with  controlled  amount  of  alloying  element 
to  be  obtained. 

Use  of  the  continuous  wave  radiation  permits  saturation  of  low  carbon  steel  surface 
layers  to  a  depth  of  several  millimeters  in  the  carbon-containing  gaseous  medium  to  be 
performed. 


By  varying  the  parameters  of  the  above  mentioned  process  (radiation  power,  laser  spot 
diameter,  velocity  of  beam  motion  over  the  substrate,  gas  medium  composition),  the  carbon 
concentration  in  the  layers  treated  can  be  easily  changed,  with  the  microhardness  of  irra¬ 
diated  zones  reaching  high  values  in  all  the  cases. 
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OVERVIEW  OF  THE  SDI  PROGRAM 
IN  SHORT  WAVELENGTH  CHEMICAL  LASERS 


C.  R.  Jones 

Los  Alamos  National  Laboratory 
Los  Alamos,  New  Mexico  87545 


Abstract 

Advanced  chemical  lasers  promise  to  be  effective  space-based  weapons  against  responsive  threats.  In  this  program, 
we  are  developing  both  CW  and  pulsed  concepts  for  achieving  this  goal.  Certain  approaches  may  also  be  appropriate  as 
ground-based  weapons  and  fusion  drivers. 


I.  Introduction 

Space-based  lasers  (SBL)  continue  to  be  viable  candidates  for  follow-on  SDI  architectures.  Within  this  category,  only 
spaced-based  chemical  lasers  (SBCL)  and  space-based  tree-electron  lasers  (SBFEL)  are  being  seriously  considered  at 
this  time.  Engineering  maturity  of  SBCL,  resulting  from  very  active  development  programs  over  the  past  15  years,  has 
thrust  this  candidate  into  a  leading  directed  energy  weapon  (DEW)  role  in  a  Milestone  II  architecture.  Other  DEW  candi¬ 
dates,  including  ground-based  FEL,  neutral  particle  beams,  ground-based  excimers,  and  SBFEL,  rely  upon  less  mature 
technology  and  may  be  available  in  future  architectures.  Additionally,  there  is  a  lingering,  ever-growing  concern  that 
sufficiently  intense  beams  from  GBLs  cannot  be  propagated  through  the  atmosphere  to  perform  ballistic  missile  defense 
missions. 

Current  planning  for  SBCL  includes  capability  growth  of  these  lasers  to  address  responsiveness  of  the  threat.  This 
performance  enhancement  primarily  translates  to  laser  brightness  increase,  although  advances  in  device  weight  and 
expendable  weight  are  obviously  important  goals  as  well. 

The  baseline  SBCL  concept  incorporates  the  current  Alpha  hydrogen  fluoride  (HF)  chemical  laser  operating  at  wave¬ 
lengths  near  2.7  pm.  Growth  in  brightness  can  accrue  from  larger  beam  output  apertures,  from  phasing  separate  aper¬ 
tures.  and  from  lasing  wavelength  reductions.  In  this  latter  category,  the  nearest-term  possibility  is  the  operation  on  first- 
overtone  transitions  within  the  HF  molecule  at  wavelengths  near  1.3  pm.  Another  possibility,  also  in  this  wavelength 
range,  is  use  of  a  chemical  oxygen-iodine  laser  (COIL),  a  device  requiring  further  development  for  effective  space-based 
use. 

There  appear  to  be  substantial  gains  to  be  made  in  reducing  the  wavelength  even  further.  The  SDI  program  charged 
with  accomplishing  this  goal  is  the  short-wavelength  chemical  laser  (SWCL)  program.  In  this  basic  research  effort,  we  are 
attempting  to  develop  viable  chemical  lasers  operating  in  the  visible  and  near-visible  wavelength  range.  This  paper 
overviews  the  SDIO  SWCL  program. 


II.  Status  of  Chemical  Laser  Technology 

Most  existing  chemical  lasers  are  based  upon  hydrogen-halide  (HX)  molecules  operating  on  low-lying,  single¬ 
quantum  vibrational  transitions  within  the  electronic  ground  state  of  the  HX  product  molecule.  The  most  powerful  and 
useful  laser  within  this  category  is  the  HF  laser,  whose  primary  reaction  step  is  the  "cold”  reaction, 

F  +  Hg HF(v)  +  H  .  (1) 

This  fast  reaction  effectively  partitions  its  exoergicity  of  35  kcal/mole  into  HF(v  =  1,2,  and  3).  The  F-atoms  for  the  above 
reaction  are  efficiently  produced  in  a  precombustor  upstream  of  the  supersonic  mixing  region  for  Reaction  (1)  by  reacting 
D2  with  (excess)  Fg.  Three  important  attributes  of  the  HF  laser  are  the  low-mass  reactants,  reactant  availability,  and 
relative  simplicity  of  the  kinetics.  Favorable  fundamentals  have  driven  this  laser  weapon  candidate  to  a  significant 
engineering  maturity.  A  companion  paperi  describes  this  status. 

COIL,  discovered  in  1978,  is  the  only  chemical  laser  operating  on  an  electronic  transition.  In  this  laser,  an  energy- 
storage  molecule  is  generated  chemically  and  then  collisionaily  transfers  its  energy  to  the  lasing  species.  The  robust 
energy-storage  molecule  is  created  in  a  solution  reaction  between  gas-phase  CI2  and  liquid  H2O2.  After  being  formed 
with  near-unity  efficiency,  the  O2*  (singlet  delta  at  ~1  eV )  diffuses  through  the  liquid  and  flows  in  the  gas  phase  to  a 
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mixing  region  where  I2  is  injected  into  the  O2  and  diluent.  The  molecular  iodine  is  lirst  dissociated  in  collisions  with  O2 
after  which  collisional  energy  transfer  occurs  in  the  fast,  near-resonant 

O2  +  f  — ^  O2  +  I*  (2) 

The  excited  atomic  iodine  is  the  upper  level  of  the  well-characterized  and  favorable  1.3-pm  laser  transition. 

In  addition  to  its  operating  wavelength  being  half  that  of  the  HF  laser,  a  very  positive  feature  of  COIL  is  the  achievable 
single-line  output  spectrum.  This  property  will  allow  more  efficient  and  simpler  multiple-aperture  systems.  A  major  draw¬ 
back  to  COIL,  especially  for  space  deployments,  is  the  cumbersome  2-phase  O2*  generator. 

HI.  Early  SWCL  Approaches 

Serious  efforts  directed  toward  the  development  of  visible-wavelength  chemical  lasers  began  in  the  early  1970s.  The 
emphasis  at  this  time  was  on  identifying  chemical  reactions  of  sufficient  energy  release  that  electronically  excited  states  in 
the  product  species  would  be  energetically  allowed.  Metal-oxidizer  gas-phase  reactions  dominated  the  picture. 3  By 
today's  standards,  our  view  was  quite  primitive,  due  in  large  part  to  the  paucity  of  literature  at  that  time  on  the  participation 
of  electronic  states  in  chemical  reactions.  At  any  rate,  the  generic  reaction  types  were 

M  -H  RO  ^  MO*  -t-  R  ,  (3) 

and 

M  -f-  RX  -»  MX*  +  R  .  (4) 

Many  of  the  flames  resulting  from  these  very  energetic  reactions  were  observed  to  be  very  bright,  and  in  several 
cases,  large  yields  of  visible  photons  were  measured.  Unfortunately,  these  photons  generally  originated  from  a  large 
number  of  states.  Only  modest  specificity  into  electronically  excited  states  was  suggested  in  any  of  these  early  studies. 

These  results  are  not  surprising  in  that  a  statistical  distribution  over  product  states  should  be  expected  in  the  absence 
of  selection  rules.  The  conservation  of  electronic  spin  is  thought  to  be  a  "good’’  rule.  Reactions  (3)  and  (4)  in  most  cases 
had  no  selection  rules  operating  in  their  favor  because  the  several  energetically  allowed  states,  including  the  ground 
states,  were  of  the  same  symmetry.  The  precondition  for  the  selective  production  of  a  specific  excited  state  is  that  this 
state  must  differ  in  symmetry  from  the  other  energetically  allowed  states.  This  state  will,  therefore,  be  metastable.  If  it  is 
strongly  metastable,  i.e.,  different  spin  from  the  ground  state,  then  it  is  probably  characterized  by  a  radiative  lifetime  too 
long  for  a  good  upper  laser  level.  This  excited  species,  therefore,  would  be  useful  as  a  storage  species,  similar  to  O2*  in 
COIL.  For  these  reasons,  it  is  now  widely  accepted  that  the  direct  chemical  production  of  a  good  lasing  species  is 
unlikely,  except  in  special  circumstances. 


IV.  Later  SWCL  Approaches 

Beginning  in  the  late  1970s,  there  were  several  small  efforts  in  SWCL  research.  Most  of  these  had  turned  away  from 
the  earlier  metal-oxidizer  approaches  to  basically  non-metal  reactions  for  which  spin-selection  rules  predicted  favorable 
state  specificity.  There  have  been  measurements  on  a  few  gas-phase  chemical  reactions  showing  quite  specific  produc¬ 
tion  of  an  excited  state.  These  reactions  are  shown  in  Table  I. 


Table  1 
Excited  State 


Reaction 

Enerav 

Yipid 

Ref. 

H  +  NF2  ^  NF(a)  +  HF 

1.4  eV 

0.90 

4 

N-i-Ns  ^N2(A)-rN2 

6.1 

>0.20 

5 

0  +  CN  ->N(2D)  +  C0 

2.4 

0.85 

6 
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These  reactions,  along  with  the  one  producing  O2*  in  COIL,  provide  positive  support  for  the  challenge  of  SWCL  develop¬ 
ment.  However,  we  must  accept  the  fact  that  our  attempts  to  increase  the  excitation  energy  of  the  excited  species  beyond 
the  current  1  eV  in  the  only  existing  chemically  pumped  electronic-transition  laser  lead  to  greater  challenges.  It  can  be 
argued  that  COIL  is  a  somewhat  special  case,  primarily  having  to  do  with  the  especially  robust  character  of  O2'.  which,  in 
turn,  is  due  in  large  part  to  the  low  excitation  energy  of  this  species. 

V.  Current  SWCL  Program 


A.  General  Approach 

The  SDIO  SWCL  program,  which  began  in  1985,  attempts  to  build  upon  the  status  prevailing  at  that  time  in  order  to 
develop  a  viable  laser  concept  in  a  timely  manner.  We  are  seeking  approaches  offering  high  mass  efficiency,  near-uv  or 
visible  wavelength,  simple  reaction  schemes,  minimal  electrical  power  requirements,  and  suitable  reactants.  The  key 
guidelines  are  listed  in  Table  II.  The  ambitious  fuel  efficiency  goal  of  1  MJ/kg  is  for  an  undiluted  stoichiometric  flow  of  the 
reacting  species  required  in  the  laser  concept. 


Table  11. 

Parameter 

Guidelines  for  Key  SWCL  Parameters 

Requirement 

Motivation 

•  Laser  Wavelength 

>.  =  uv  -  visible 

Brightness 

•  Transition  Energy 

E  =  2  -  4  eV 

Direct 

•  Radiative  Lifetime 

Tp  ~  1 0  (iS 

Mixing 

•  Power  in  Flow 

8>  100  W/cm2 

Volume 

•  Fuel  Efficiency 

0  >  1  MJ/kg 

Weight 

•  Reactant  Mass 

mr  <  300  amu 

Weight 

We  envision  a  supersonic  continuous-wave  (CW)  laser  configuration  similar  to  that  for  the  HF  laser.  A  simplified 
version  is  shown  in  Fig.  1 ,  in  which  the  flow  is  supersonic  in  the  region  of  the  laser  axis  by  virtue  of  the  nozzle  expansion. 
The  large  excitation  energies  carried  by  the  electronically  excited  states  offer  very  high  power  density  possibilities  in  the 
flow,  which  enables  relatively  compact  systems.  Using  conservative  assumptions,  Table  III  shows  the  expected  powers 
in  flows  of  various  excited-state  densities  through  a  10  x  100-cm  nozzle  exit  plane.  If  moderate  densities  of  a  few  torr  of 
excited  states  can  be  realized,  significant  SWCL  payoffs  in  system  volume  and  weight  can  be  expected. 


Fig.  1 .  Schematic  of  Simplified  Supersonic  Flow  Nozzle  for  Chemical  Lasers 
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Table  III.  Power  Contained  in  Excited  Flow  Through  Supersonic  Nozzle  Exit  Plane 

V  =  300  m/sec 
H  =  10  cm 
L  =100  cm 
hu  =  2  eV 


10’7  cm-3 

1016 

1015 


1000  kW 
100 
10 


The  critical  technical  issues  associated  with  the  development  of  scalable  SWCLs  are  shown  in  Table  IV.  Basically, 
these  issues  are  related  to  the  chemical  production  of  a  specific  electronically  excited  state  and  maintaining  it  at  usable 
densities  over  a  period  of  time  sufficient  to  use  it.  For  example,  it  is  undesirable  for  the  excited  state  to  radiate  spontane¬ 
ously  at  a  much  faster  rate  than  the  reagents  can  be  mixed  in  the  flow. 


Table  rv.  Identified  Critical  Issues  in  SWCL  Development 

•  Specific  state  production 

•  Species  proliferation  in  flow 

•  Maintenance  of  high  state  densities 

•  Availability  of  reactants 

•  Reactant  flow  densities 

•  Radiative  lifetime/mixing  time 

•  Higher  excited  states  have  more  loss  channels 

•  Metastable  transfer  branching 

•  Existence  of  suitable  acceptor/laser  species 


There  are  four  basic  approaches  to  SWCL  development  being  pursued  at  this  time: 

1 .  direct  chemical  production  of  laser  species, 

2.  indirect  or  storage  species/transfer, 

3.  energy  pooling  of  lower-energy  species,  and 

4.  pulsed,  premixed  schemes. 

The  first  approach,  as  stated  earlier,  is  expected  to  be  effective  only  in  special  circumstances.  The  second  case  is  pre¬ 
ferred  because  very  specific  production  of  excited  states  can  be  realized.  These  states  are  sufficiently  metastable  that 
their  energy  must  be  coHisionally  transferred  to  be  useful.  A  subset  of  this  approach  is  the  use  of  energy  pooling,  which  is 
attractive  because  lower-energy  species  are  apparently  easier  to  generate  and  maintain  at  high  densities.  For  example, 
pooling  of  NF(a)  and  I*  is  sufficiently  energetic  to  produce  NF{b),  which  in  transition  to  NF(X)  emits  green  photons. 

Finally,  premixed  schemes,  by  definition,  obviate  reagent  mixing,  one  of  the  major  SWCL  issues.  We  imagine  in  this  case 
that  a  chain  reaction  will  be  initiated  in  an  energetic  mixture,  producing  a  pulse  of  excited  states  and  pulsed  lasing. 

Table  V  shows  generic  reactions  for  these  four  approaches.  Lasing  species  are  underlined. 
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Table  V.  Generic  SWCL  Reactions 


•  Direct 

A  +BC->A£*  +  C 

•  Indirect 

A  +  BC  ^  AB  +  CM 
CM  +  XY^  C  +J(Y* 

•  Energy  Pooling 

A*  +  B*  C* 

•  Pulsed 

hUp  +  ABC  Chain  Reaction 
^AB* 


B.  Specific  Concepts 

Throughout  the  SDI  SWCL  program,  approximately  15  concepts  have  been  examined.  Since  space  does  not  permit 
discussion  of  each  of  these,  a  few  specific  reaction  systems  will  be  overviewed.  Further  detail  can  be  found  in  the  open 
literature. 

1 .  Direct  chemical  productions  of  laser  species.  The  O  +  N3  reaction  represents  one  of  several  concepts  based  upon 
azide  chemistry.  Many  azide  reactions  appear  to  be  favorable  SWCL  candidates,  based  upon  the  energetic  nature  of  the 
N3  radical  and  the  angular  momentum  constraints  that  may  operate  in  specific  reactions.  As  discussed  earlier,  a  high 
degree  of  specificity  is  not  expected  in  reactions  creating  states  that  are  optically  connected  to  the  ground  state.  How¬ 
ever,  if  the  energetics  of  the  reaction  and  the  product  are  such  that  only  a  very  few  product  states  are  energetically 
possible,  then  a  statistical  distribution  over  the  product  states  may  be  sufficient  for  efficient  laser  operation.  The  O  +  N3 
reaction  falls  in  this  category  because  only  the  X,  A,  and  B  doublet  states  of  NO  are  allowed  on  energetic  grounds.  One 
might  expect  a  substantial  frar^i^n  ^f  the  product®  to  appear  in  NO(A)  and  NO(B).  A  significant  yield  of  NO(A)  has  been 
measured.^  Other  factors  that  make  the  NO  y-band  laser  candidate  attractive  are  its  successful  lasing  in  direct  optical 
pumping,8  low-mass  reactants,  and  availability  of  the  basic  reagents.  The  rate  coefficient  for  O  +  N3  NO  +  Ng  has  been 
measured  to  be  1  x  10  '*''  cm^sec'',  and  measurements  are  underway  to  quantify  the  yield. ^  Experiments  directed  toward 
pulsed  production  of  the  reactants  in  a  laser  cell  are  in  progress  and  are  expected  to  lead  to  a  demonstration  of  a  pulsed, 
chemically  driven  NO(A  X)  laser.7 

2.  Storage  sDecies/collisional  transfer.  Chemical  production  of  metastable  species  he®  been  shown  to  occur  with 
high  specificity  in  a  few  instances.  The  generation  of  metastable  nitrogen  molecules  by  means  of  the  azide  reactions 

N  +  N3  or  N3  +  N3  is  believed  to  be  moderately  specific.  One  specific  use  of  this  energy  is  through  the  reaction  sequence 


N3  +  N3  N2(A)  +  2N2  , 

(5) 

N2(A)  +  NO N2(X)  +  NO(A)  , 

(6) 

NO(A)  +  huL  NO(X)  +  2huL  ■ 

(7) 

In  the  case  of  CW  operation  the  azide  radical  would  be  produced  by 

F  +  HN3  ^  N3  +  HF  . 

(8) 

Again,  the  reagents  are  lightweight  and  appear  to  be  readily  obtainable, 
currently  being  pursued. 

Pulsed  demonstration  of  these  kinetic  steps  is 
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3.  Energy  pooling  of  lower-enerav  species.  This  approach  is  a  subset  of  the  one  above  but  is  important  enough  to  be 
highlighted.  High  densities  of  species  having  excitation  energies  greater  than  ~2  eV  are  difficult  because  of  the  greater 
number  of  collisional  loss  channels  for  higher  states.  This  limitation  on  the  generation  of  3-4  eV  species  can  be  circum¬ 
vented  by  pooling  the  energy  of  two  long-lived,  low-energy  excited  states. 

We  are  examining  the  efficient  production  of  NF(b)  by  means  of; 


H NFg NF(a)  H- HF  , 

(9) 

NF(a)  +  HF(v) NF(b) HF(v  -  2)  , 

(10) 

NF(b)  +  hU|_  — >  NF(X)  +  2huL 

(11) 

It  is  possible  that  this  reaction  scheme,  suggested  and  researched  earlier  by  Herbelin  and  Cohen^  can  be  effective  in 
existing  HF  chemical  laser  devices,  such  as  Alpha. 

4.  Pulsed  nremixed  reaction  schemes.  In  order  to  circumvent  the  problem  of  slow  fluid  mixing,  we  are  addressing  the 
approach  of  initiating  a  chain  reaction  in  an  energetic  mixture  of  reagents.  The  initiation  energy,  either  optical  or  elec¬ 
trical,  should  be  small  compared  with  the  chemical  energy  release  in  order  that  the  laser  system  and  fuel  weight  be 
acceptably  low. 

A  hybrid  chemical/excimer  laser  concept'' °  is  being  examined  and  has  the  following  azide-based  kinetic  scheme 
occurring  in  premixed  XeF2/HN3/diluent: 


hu  j  +  XeF2  — >  Xe  +  2F  , 

(12) 

F  -t-  HN3  HF  -t-  N3  , 

(13) 

N3  N3  — ^  N2  -r-  2N2  , 

(14) 

N2*  +  XeF2  N2  -t-  XeF(B)  -i-  F  , 

(15) 

XeF(B)  +  huL  XeF(X)  +  2huL  . 

(16) 

The  chain  reaction  sequence  is  initiated  by  photolysis  of  XeF2.  This  exciting  concept  will  possibly  combine  the  best 
features  of  chemical  and  excimer  lasers.  We  expect  that  other  reaction  schemes  within  this  hybrid  category  are  also 
possibi© 

One  other  examp'e  of  a  pulsed  SWCL  candidate  is  one  in  which  the  lasing  specie  is  the  lead  atom.'’’  The  reaction 
scheme  is  initiated  by  detonating  solid  lead  azide,  after  which  lasing  would  occur  in  the  gas-phase  expansion  zone: 


del. 

Pb(N3)2  -»  Pb-t-2N3  , 

(17) 

N3  +  N3  N2*  +  2N2  , 

(18) 

N2*  +  Pb  ^  Pb*  +  N2  , 

(19) 

Pb*  +  h^L  ->  Pb  -t-  2huL 

(20) 

Again,  the  pump  energy  is  generated  by  internal  chemistry,  but  in  this  case,  the  required  pump  power  density  is  reduced 
by  virtue  of  the  lasing  specie  being  atomic. 

A  number  of  research  groups  from  universities,  industry,  and  a  national  laboratory  have  contributed  to  this  program. 
Since  all  projects  could  not  be  specifically  mentioned,  the  past  and  current  participants  are  listed  below: 
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Ben-Gurior  L..iversity 
Hercules,  Inc. 

Lop  Alamos  National  Laboratory 
!i/lcDonnell  Douglas  Research  Laboratory 
Physical  Sciences,  Inc. 

Rice  University 

Rocketdyne  Division  of  Rockwell 
Rockwell  Science  Center 
Spectra  Technologies.  Inc. 

SRI  International 
University  of  Denver 
University  of  South  Florida 
University  of  Southern  California 


VI.  Conclusions 

A  short-wavelength  chemical  laser  is  the  Holy  GraiP2  of  high-performance,  high-power  lasers.  We  expect  to  take  a 
large  step  in  this  quest  within  the  next  year  through  our  current  demonstration  projects.  A  better  understanding  of  SWCL 
operation  and  scaling  relations  should  be  the  immediate  outcome  from  this  part  of  the  SWCL  program.  Meanwhile,  the 
basic  research  efforts  will  continue  to  germinate  and  nurture  new  concepts. 

The  primary  impetus  for  pursuing  this  challenge  is  currently  the  large  payoff  expected  for  the  high-brightness,  space- 
laser  weapon  application.  Other  SDI  missions  may  also  be  appropriate.  Among  these  is  a  space-based  illuminator  or 
ground-based  weapon.  In  this  latter  application,  the  higher  efficiency  that  may  be  possible  using  internal  chemistry  in 
pulsed  uv  or  visible  laser  concepts  would  be  a  large  step  in  an  SDI  ground-based  excimer  laser  improvement  program. 
Finally,  and  also  because  of  greater  possible  electrical  efficiencies  and  the  consequent  reduced  cost,  pulsed  SWCL 
concepts  may  one  day  be  appropriate  for  advanced  inertial  confinement  fusion  drivers. 

I  would  like  to  give  a  great  deal  of  credit  to  the  many  fine  researchers  who  have  participated  in  this  SDI  research 
program.  This  program  is  sponsored  by  SDIO/T/IS  and  SDIO/T/DE  and  is  managed  by  the  Los  Alamos  National 
Laboratory. 
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Advances  in  Laser  Technology  for  Strategic  Defense 

J.  H.  Hammond,  Neil  Griff,  R.  L.  Gullickson,  B.  J.  Pierce,  E  W.  Pogue 
Strategic  Defense  Initiative  Organization,  Washington,  D.  C. 

Summary 

Advances  in  laser  and  optics  technology  have  enhanced  the  prospects  for  directed  energy  applications  in  strategic  defense  We  will 
describe  progress  in  developing  high  brightness  chemical,  excimer,  and  free  electron  lasers  and  their  associated  beam  control  elements 

Chemical  lasers  represent  our  most  mature  high  brightness  laser  technology.  The  ability  of  such  systems  to  operate  continuously 
at  high  power  in  the  mid  infrared  (3.8  microns)  vvith  good  beam  quality  has  been  demonstrated  by  the  "MIRACL”  chemical  laser  located 
at  the  White  Sands  Missile  Range.  MIRACL  has  now  been  successfully  integrated  with  a  1 .5  meter  beam  director  and  local  loop  adaptive 
optical  system  for  improved  beam  quality.  The  Alpha  HF  chemical  laser  system  is  now  being  assembled.  It  will  demonstrate  the  ability 
of  a  chemical  laser  system  designed  for  space  operation  to  operate  at  high  power  with  good  beam  quality  at  2.7  microns.  The  ability 
to  improve  beam  quality  through  phase  conjugation  using  stimualated  Brillouin  scattering  has  been  demonstrated  for  pulsed  chemical 
lasers,  with  substantial  recent  experimental  evidence  that  continuous  operation  is  possible. 

Excimer  lasers  represent  our  most  mature  short  wavelength  laser  candidate.  We  have  demonstrated  single  pulse  technology  with 
pulse  energies  greater  than  a  kilojoule  and  excellent  beam  quality  using  a  Raman  amplifier  technique.  The  ability  to  operate  the  pulsed 
power  technology  for  high  power  excimers  was  recently  demonstrated  at  100  Hz.  These  elements  —  high  average  power,  excellent  beam 
quality  using  Raman  amplifiers  —  will  be  demonstrated  by  teh  EMRLD  device  operating  with  XeF  at  a  (Raman  shifted)  wavelength  of  41 1  nm 

Free  electron  lasers  represent  a  promising  technology  for  ground  and  space  applications.  High  current  devices  driven  by  induction 
linear  accelerators  have  demonstrated  extremely  high  efficiencies  operating  as  amplifiers  at  microwave  wavelenghts.  Recently,  operation 
of  these  devices  has  been  extended  to  10.6  microns  using  the  50  MeV  Advanced  Test  Accelerator.  Two  radiofrequency  linear  accelerator 
driven  FELs  have  recently  lased  at  0.5  microns  using  respectively  the  superconducting  accelerator  (in  a  double  pass  recirculation  mode) 
at  Stanford  and  the  new  1  20  MeV  device  at  Boeing. 

Chemical  La^r  Technology  1 1 1 

Figure  1 :  Several  characteristics  of  the  HF  chemical  laser  make 
it  ideally  suited  to  operation  in  space.  The  device  converts  chemical 
energy  directly  to  laser  energy,  so  no  external  source  of  power  is 
required.  The  large  vacuum  pumps  required  on  the  ground  to  exhaust 
the  reactants  while  maintaining  a  low  pressure  in  the  reaction  and 
lasing  zone  are  replaced  by  the  vacuum  of  space.  The  simple  gain 
generator  permitted  by  these  attributes  improves  reliability. 

The  upper  lasing  level  is  an  excited  vibrational  state  of  the  HF 
molecule.  Atomic  fluorine  is  produced  by  the  combusion  of  NFS  with 
deuterium,  seeded  with  atomic  fluorine  to  initiate  the  process.  The 
atomic  fluorine  produced  by  the  combusion  process  reacts  with 
hydrogen  in  a  supersonic  flow  field.  The  combination  of  excited  state 
lifetime  and  flow  velocity  provides  an  annular  gain  region  several 
cm  thick. 

Key  technologies  for  space-based  HF  chemical  lasers  will  be 
validated  with  the  Alpha  I  laser,  a  multi-megawatt  device  now  being 
integrated  and  tested  by  TRW.  The  gain  generator  and  optics  are 
cylindrical,  not  linear,  a  geometry  which  is  more  convenient  for 
launch  and  operation  in  space,  and  which  simplifies  scaling  to  higher 
powers. 
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The  Alpha  HF  Chemical  Laser  Device 
Figure  1 


Figure  2:  The  two  meter  long  cylindrical  gain  generator  is  shown  here.  It  uses  large  (in  comparison  to  the  fine  scale  mixing  nozzle 
used  in  the  Mid  Infrared  Chemical  Laser  (MIRACLI)  hypersonic  wedge  nozzle  technology.  ( 1 1  The  use  of  these  large  nozzles  is  made  possi¬ 
ble  by  the  low  pressure  exhaust  conditions  natural  for  space  laser  operation.  The  gain  generator  consists  of  27  rings  1.1  m  in  diameter 
and  7.5  cm  long.  The  nozzle  rings  are  formed  of  extruded  aluminum  fc'  affordability  and  ease  of  construction. 

Figure  3:  The  optics  for  the  cylindrical  resonator  design  were  produced  at  the  Lawrence  Livermore  National  Laboratory  on  a  machine 
designed  specifically  for  that  purpose  —  the  Large  Optics  Diamond  Turning  Machine  (LODTM).  LODTM  can  machine  metal  optics  with 
cylindrical  symmetry  with  diameters  up  to  1.5  m  with  a  surface  figure  precision  of  lambda  over  100.  The  high  extraction  decentered 
annular  ring  resonator  produces  uniform  loading  on  optical  surfaces  and  reduces  sensitivity  to  aberrations. 

Figure  4:  The  large  test  facility  required  to  reproduce  the  vacuum  pumping  capabilities  of  space  is  shown  here.  The  steam  ejectors 
must  maintain  a  few  Torr  of  vacuum  for  many  seconds  of  device  operation. 
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Alpha  Facility 
Figure  4 


Figure  5:  In  order  to  study  some  of  the  issues  regarding  extension  of  the  pusled  data  to  the  CW  regime,  experiments  were  also  carried 
out  using  the  Chroma  laser  at  KMS  Fusion.  Pulses  were  stretched  to  durations  well  beyond  the  decay  time  of  the  phonon  scattering 
grating  in  the  conjugating  medium,  high-pressure  xenon  (Chroma  produced  170],  150  usee  pulses  at  1.06  microns).  This  figure  shows 
that  excellent  conjugation  fidelity  was  maintained  throughout  the  pulse. 

Figure  6:  The  use  of  a  flowing  conjugation  medium  is  essential  to  use  of  SBS  with  very  high  power  CW  beams,  so  the  effects  of 
relative  motion  between  the  wavefront  and  the  conjugating  medium  were  studied  by  sweeping  the  Chroma  beam  across  a  stationary 
SBS  cell.  The  results  confirm  the  concept  for  relative  velocities  of  10s  of  meters  per  second. 


The  Apache  Long  Pulse  Experiments 
Figure  5 
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Results  of  the  Long  Pulse  Experiments 
Figure  6 


Figure  7:  SDIO  is  also  investigating  chemical  lasers  operating  at  shorter  wavelengths.  Figure  7  shows  one  example  of  such  a  concept. 
A  light  pulse  triggers  a  chemical  reaction  in  XeF2  which  produces  atomic  fluorine.  In  a  five  step  reaction,  an  electronicaliv  excited  nitrogen 
molecule  transfers  energy  through  collisions  with  XeF,  a  well  studied  excimer  laser  molecule.  This  approach  provides  short  wavelength, 
high  energy  density,  high  fuel  efficiency,  with  little  initiation  energy. 

Figure  8;  Spectra  Technology  has  demonstrated  the  production  of  excited  XeF  by  the  optically  initiated  chemical  reaction.  They  have 
confirmed  the  reactant  stability  of  the  premixed  gases,  and  measured  the  chemiluminescence  from  several  excited  states  of  XeF  as  a 
function  ot  time.  However,  this  system  has  not  yet  operated  with  a  resonator. 


•  LASANT  GIVES  SHORT-WAVELENGTH  (3S1  nm)  RAOiATiQN 

•  HIGH  SPECIFIC  ENERGY  REAGENTS  PROMISE  HIGH  ENERGY/WbIGHT  RATIO 

•  PRE-UOCEO  REACTANTS  ALLOW  LARGE  VOLUME  HIGH  ENERGY  DENSITY 

•  CHEMICAL  CHAIN-REACTION  SCHEME  REOUIRES  LITTLE  INITIATION  ENERGY 

Chemical-Excimer  Laser  Concept 
Figure  7 

Figure  9;  Large  optics  is  a  critical  technology  for  high  energy 
lasers.  The  LAMP  mirror,  built  by  ITEK,  is  4  m  in  diameter  with  active 
control.  The  mirror  consists  of  seven  segments  of  1 7  mm  thick  ultra 
low  expansion  glass  mounted  on  a  graphite  epoxy  substate.  Each 
segment  can  be  independently  positioned  to  control  vibration.  Fine 
figure  actuators  on  each  segment  compensate  for  thermal  distor¬ 
tion.  All  seven  segments  are  now  in  position  on  the  LAMP  mirror. 
Closed  loop  control  of  the  figure  of  the  mirror  segments  has  now 
been  demonstrated  using  a  low  power  helium  neon  laser  in  an 
interferometric  configuration.  The  next  step  is  to  demonstrate 
segment  phasing. 


RESULTS: 

•  XeF|8;  Pf10DUC£D  BY  CHEMICAL  EXCITATION 

•  REACTANT  MIXTURE  STABILITY  WHEN  PREMIXED  CONFIRMED 

•  CHEMILU.MINESCENCE  FROM  XeF(B)  XeFiCl  OBSERVED  AND  MEASURED 


Chemical-Excimer  Laser  Status 
Figure  8 


Large  Active  Mirror  Program 
Figure  9 


Figure  10  summarizes  the  advances  in  space  based  chemical 
laser  technology. 


Summary  of  SBL  Progress 
Figure  10 
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The  Excimer  Laser 

The  discharge  excimer  laser  is  a  candidate  for  SOI  applications  as  a  reference  source  (beacon)  for  atmospheric  compensation,  UV 
ladars,  illuminators  for  imaging  space  objects,  designators  for  homing  kinetic  kill  vehicles,  optical  guiding  of  electron  beams,  oscillators 
for  FELs,  and  as  a  coherent  source  for  Raman  scattering  experiments. 

In  the  discharge  excimer  laser,  x-rays  preionize  a  gas  consisting  of  rare  gas  halide  molecules,  producing  a  plasma.  A  high  voltage 
discharge  is  sustained  in  the  plasma,  resulting  in  the  excitation  of  the  laser  medium  by  electron  collisions.  The  current  state-of-the-art 
in  discharge  excimers  is  represented  by  the  Highlight  laser  at  Northrop.  It  has  produced  100  j/pulse  at  100  Hz.  A  four  pulse  burst  has 
operated  at  up  to  2  kHz  rates.  The  beam  quality  is  better  than  2XDL. 

Phase  conjugation  through  nonlinear  optics  is  already  being  used  routinely  in  a  discharge  excimer  laser.  H.  Komine  at  Northrop  uses 
a  static  SF6  cell  at  10  atmospheres  to  compensate  for  thermal  distortions  in  the  gain  medium  |2).  The  amplifier  produces  1  J  per  pulse 
and  operates  at  2  Hz.  With  phase  conjugation,  the  amplified  beam  quality  improves  from  2.4  to  1 .4  with  approximately  three  times  more 
energy  in  the  far  field  spot. 


Figure  1 1 :  The  electron  beam  pumped  excimer  laser  represents 
SDIO  s  most  mature  short  wavelength  high  power  laser  candidate. 
The  state-of-the-art  of  our  excimer  technology  is  typified  by  the 
EMRLD  excimer  laser  now  being  constructed  by  AVCO  at  the  White 
Sands  Missile  Range.  EMRLD  consists  of  a  closed  flow  loop  master 
oscillator,  open  loop  power  amplifier,  and  Raman  amplifier.  EMRLD 
produces  100  pulses  per  second  and  operates  with  XeF  at  the  Raman 
shifted  wavelength  of  41  1  nm. 


EMRLD 
Figure  1 1 


The  Raman  amplifier  configuration  offers  the  advantage  of  combining  the  high  beam  quality  of  the  master  oscillator  with  the  high 
power  of  the  low  beam  quality  amplifier.  The  high  Fresnel  number  of  the  excimer  laser  configuration  also  facilitates  adaptive  optics  for 
atmospheric  compensation.  The  adaptive  optical  components  can  be  installed  after  the  master  oscillator  where  the  power  levels  are  still 
low.  The  imposed  phase  on  the  wavefront  is  then  amplified  with  a  minimum  of  distortion. 


Figure  12:  The  ability  to  perform  phase  conjugation  using  adap¬ 
tive  optics  in  a  Raman  look-through  configuration  has  been  recently 
demonstrated  by  AVCO  and  MIT  Lincoln  Lab.  Using  the  Scale-Up 
excimer  laser  operating  with  XeF  and  producing  1  70  j  per  pulse, 
the  69  channel  deformable  mirror  built  by  MIT  Lincoln  Lab  was  used 
to  improve  the  beam  brightness  by  a  factor  of  30.  !3) 


The  EMRLD  master  oscillator  is  now  being  assembled.  First  light 
is  expected  in  January,  1 988.  A  megavolt  gas  blown  spark  gas 
switch  was  demonstrated  at  1 00  Hz  as  a  part  of  the  EMRLD  pro¬ 
gram.  The  ability  of  the  MO  to  operate  with  high  beam  quality  has 
also  been  confirmed.  The  Raman  Beam  Quality  design  verification 
test  showed  the  ability  of  the  Raman  amplification  process  to  com¬ 
bine  the  favorable  beam  quality  of  the  master  oscillator  with  the  high 
power  of  the  amplifier.  The  transient  refractive  index  test  unit 
examined  the  modification  of  the  refractive  index  of  the  laser  unit 
as  a  function  of  gain.  The  kinetics  data  base  experiment  examined 
the  effect  of  different  gas  mixtures  upon  the  laser  gain  and  beam 
quality. 


Raman  Look -Through  Demonstrated 
Figure  12 
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Free  Electron  Laser  Technology  [4,  5] 


The  Ground  Based  Free  Electron  Laser  Experiment,  shown  in 
^figure  13,  will  demonstrate  the  major  land  based  elements  of  a 
ground  based  laser  system.  These  elements  include  the  laser  device, 
beam  control  system,  and  atmospheric  propagation  capability.  After 
demonstrating  high  power  operation  with  high  beam  quality  in  the 
early  90's,  this  system  will  be  used  with  a  space  relay  mirror  for 
a  high  power  relay  demonstration.  Near  term  experiments  will 
demonstrate  relay  mirror  technology  for  low  power  lasers  in  the  Relay 
Mirror  Experiment  (RME),  to  be  deployed  into  a  400+  km  orbit  in 
1988.  RME  will  demonstrate  the  tracking  of  two  ground  based  argon 
ion  laser  beams  and  the  relay  to  a  ground  target  of  a  pulsed  Nd:YAG 
laser. 


INSTRUMENTED  TE<T 
VENICEE 


1  r  1^1 

FREE  ELECTRON  LASER 

1 

■ 

WAVEERONT  K 
SENSOR 

CONJUGATE 

WAVEFRONT 

RECONSTRUCrOR 

DEFORMABLE 

MIRROR 


BEAM  CONTROL  WIAOAPTIVE  OPTICS 

Ground  Based  Free  Electron  Laser  Experiment 
Figure  1 3 


Figure  14  shows  the  parallel  approaches  for  the  ground  based  free  electron  laser  program.  The  radio  frequency  linac  approach  offers 
a  pulse  fonriat  of  closely  spaced  micropulses.  This  pulse  format  may  offer  atmospheric  propragation  advantages  with  lower  losses  to  stimulated 
Raman  scattering  from  rotational  levels  in  nitrogen  molecules.  High  efficiency  is  prossible  using  energy  recovery.  Both  oscillator  and  master 
oscillator  power  amplifier  configurations  should  be  possible.  In  two  separate  experiments  at  Stanford,  with  TRW  (figure  1 5al;  and  at  Boeing 
[figure  15b],  RF  FELs  have  lased  at  0.5  microns.  The  light  weight  accelerator  cavities  of  the  RF  FEL  also  make  this  device  promising 
as  a  space  based  laser.  The  use  of  superconducting  cavities  offers  the  promise  of  very  compact  accelerators  with  high  current  capability 
for  space. 
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Parallel  FEL  Approaches 
Figure  14 


Radiofrequency  Linac  FEL  at  Boeing  TRW/Stanford  Superconducting  FEL  Achieves  Visible  Lasing 

Figure  1  5a  Figure  1 5b 


1150 


The  other  approach  is  the  high  current  induction  linac.  This  pro¬ 
duces  longer  pulses  with  a  lower  repetition  rate.  The  high  current 
(several  kiloamps)  possible  with  this  approach  lends  itself  to  master 
oscillator  power  amplifier  (MOPA)  configurations.  Induction  linacs 
have  produced  extremely  high  efficiencies  at  cm  wavelengths  and 
have  demonstrated  high  gain  at  wavelengths  ranging  from  9  mm 
to  10.6  microns.  Figure  15c  shows  the  50  MeV  Advanced  Test 
Accelerator  at  LLNL  used  with  currents  of  up  to  2  kA  for  FEL 
experiments. 


r 


50  MeV 
10  kA 
-  •'i  70  ns 


MAGNFnC  INDUCTION 
ACCELERATOR  PRINCIPLE 


Advanced  Test  Accelerator  Induction  Linac 
Figure  1 5c 


t 


ATA  ACCELERATING  MODULES 


The  goals  of  the  current  induction  linac  "Paladin"  experiment,  using  ATA  with  wiggler  lengths  of  up  to  25  m,  are  to  extend  the 
high  efficiency  operation  to  the  10.6  micron  wavelength  and  to  demonstrate  that  refractive  and  gain  guiding  effects  in  intense  electron 
beams  can  guide  the  amplified  electromagnetic  wave  to  reduce  diffractive  spreading  in  long  wiggers.  Preliminary  results  at  LLNL  suggest 
that  gain  guiding  does  occur  in  induction  linac  FELs  as  demonstrated  earlier  at  Stanford  (with  a  low  current  rf  device)  and  at  Columbia 
(using  a  low  voltage  diode  machine.)  (6| 


Technology  advanced  have  brought  induction  and  RF  linac  operating  characteristics  closer  together.  The  development  of  magnetic 
modulator  technology  to  replace  gas  blown  spark  gas  switches  has  allowed  operation  at  higher  repetition  rate.  Figure  1 6  shows  a  technology 
developed  at  LANL  for  FEL  injectors  which  allows  RF  linacs  to  operate  with  higher  current  15).  A  doubled  Nd;YAG  laser  causes  photoemis¬ 
sion  of  a  high  current  electron  pulse  from  a  cathode.  This  bunch  is  accelerated  to  MV  potential  in  a  single  step,  reducing  emittance  growth. 
With  this  approach,  not  every  micropulse  is  filled  with  electrons.  This  results  in  higher  peak  currents  allowing  high  gain  and  operation 
in  a  MOPA  configuration. 


Figure  1 7  summarizes  progress  in  ground  based  laser  development. 
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Conclusions 


Summary  of  GBL  Progress 
Figure  1  7 


Substantial  progress  has  occurred  in  high  power  laser  development.  For  chemical  lasers,  the  ability  to  perform  phase  conjugation 
using  nonlinear  optics  techniques  may  have  a  profound  effect  on  the  ability  to  phase  together  laser  devices  and  may  permit  significant 
relaxation  of  optical  tolerances. 

Nonlinear  optics  has  also  been  important  for  excimer  lasers.  The  demonstration  of  pahse  preservation  using  the  Raman  look-through 
technique  for  an  adaptive  optical  system  has  confirmed  one  of  the  main  advantages  of  the  excimer  as  a  ground  based  laser  candidate 
—  the  ability  to  perform  atmospheric  compensation  on  the  low  power  oscillator. 


All  of  our  major  FEL  candidates  have  taken  important  steps  toward  demonstrating  feasibility.  Two  different  types  of  RF  FELs  have 
lased  near  0.5  microns.  The  induction  linac  approach  has  demonstrated  gain  at  10.6  microns  with  a  1 5  m  wiggler  and  verified  code  predictions. 
Several  experiments  have  demonstrated  gain  guiding. 

By  the  next  International  Conference  on  Lasers  in  1 988  several  major  SDIO  high  power  laser  facilities  -  Alpha  and  EMRLD  —  should 
have  produced  first  light  and  provided  substantial  operating  experience. 
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PANEL  DISCUSSION 


MATURITY  OF  LASER  TECHNOLOGY  FOR  STATEGIC  DEFENSE 
DECEMBER  9,  1987,  HARVEY'S  RESORT  HOTEL,  LAKE  TAHOE,  NEVADA 


Prof.  Sproull: 

Ue  are  blessed  with  a  group  of  distinguished  speakers  this  afternoon  to  discuss  "The 
Maturity  of  Laser  Technology  for  Strategic  Defense”.  Now  maturity  is  a  value-latent  word. 

It  is  pejorative  at  both  ends.  Mature  implies  cl osed-ended ,  not  going  anyv;here.  Immature 
implies  brash,  incompetent,  and  not  able  to  perform  as  required.  I  guess  the  only  positive 
way  to  come  out  would  be  something  like  rapidly  maturing,  still  open-ended,  but  not 
overstating  achievement. 

Well,  we  shall  see  whether  we  come  out  at  one  end  or  the  other  or  in  the  middle. 
Strategic  defense  is  probably  the  most  challenging  mission  of  our  generation.  It  demands  the 
utmost  from  the  development  of  a  host  of  technologies.  Laser  technology  is  obviously 
prominent  among  them.  Indeed  it  was  the  spectacular  development  of  lasers  that  was 
primarily  responsible  for  bringing  strategic  defense  forward  from  the  back  burner  position 
it  occupied  in  the  1960's.  The  most  eloquent  reasons  for  revisiting  strategic  defense  after 
20  years  were  the  achievements  in  laser  technology.  Now,  whenever  science  and  engineering 
have  invaded  extreme  regions,  fascinating  new  science  has  been  learned  and  discoveries  have 
been  made.  Ultra  high  temperatures,  ultra  low  temperatures,  ultra  high  power  densities, 
ultra  high  electric  or  magnetic  fields,  ultra  short  times  -  any  of  these  extreme  regions  has 
developed  a  host  of  new  sciences  and  new  discoveries.  A  little  different  kind  of  extreme  is 
the  extreme  limit  of  accuracies,  of  gyros  and  accelerometers  permitting  an  accuracy  of 
inertial  navigation  that  was  unimaginable  a  generation  ago.  Another  somewhat  different  kind 
of  extreme  is  the  extreme  complexity  of  battle  management  and  command  control  and 
communication  when  millions  of  objects  are  involved.  So  we  can  expect  technologies  to  be 
challenged  to  the  limit  and  we  can  expect  discoveries  and  the  development  of  new  science  and 
technology . 

The  laser  technology  related  to  strategic  defense  partakes  of  this  stimulation  by 
extremes.  The  most  obvious  and  publicized  rule  is  the  boost  and  post  boost  intercept 
involving  ultra  powerful  beams  focused  and  agilely  steered  over  distances  like  ten  thousand 
kilometers.  But  lasers  probably  enter  in  vital  roles  in  the  di  scr  iiriinat  ion  and 
communication  roles  as  well.  These  may  be  even  more  important  in  the  near  terms  and  are 
also  highly  stressing  challenges  to  the  technology. 

Now  to  turn  to  our  first  speaker.  I  ask  for  your  indulgence  in  a  slight  change  in  order 
to  group  the  second,  third  and  fourth  talks  together.  I'd  like  to  turn  first  then  to  Dr. 
Leon  Goldman.  Since  the  program  was  written  he  has  changed  affiliations.  He  is  now  with 
the  Naval  Hospital  in  San  Diego,  an  expert  in  the  use  of  lasers  and  various  applications 
especially  cancer  phototherapy.  Dr.  Goldman. 

Dr.  Goldman: 

My  excuse,  as  a  refractory  gerontologist,  and  the  least  mature  and  the  least  infoni.ed  on 
this  Maturity  of  Laser  Technology  for  Strategic  Defense  discussion,  is  that  in  laser 
medicine  and  laser  surgery  we  view,  what  you  all  now  call  the  mysterious  photon,  as  a 
diagnostic  and  treatment  modality.  This  very  long  sentence  does  not  shov;  our  increasing 
impatience  to  go  beyond  our  current  faithful  laser  systems  and  to  advance  to  other  systems 
in  order  to  deliver  better  health  care.  Nowhere  in  the  present  or  in  the  immediate  future 
at  home  or  abroad  is  there  an  extensive,  detailed,  hopefully  basic  laser  research  as  in  SDI . 
For  some  time,  before  my  departure  to  the  Navy,  I  had  condemned  academia  for  their  neglect 
of  basic  laser  research  in  their  public  desire  for  uninformed  and  definitely  unstudied 
politically  biased  polemics.  Further,  as  laser  experts,  we  should  study  in  detail  anything 
related  to  the  defense  of  our  country.  We  should  read  in  detail  and  critically,  not  just 
quote  from,  the  tough  job  of  the  APS  report  of  Kumar  Patel  and  Nicholas  Bloembergen  and 
their  associates.  If  it  is  possible  we  should  plan  to  do  bench  work,  not  just  library  work, 
in  the  laboratory  of  SDI.  For  me,  there  is  no  SDI  funding  obligation,  quite  the  contrary. 
With  our  experience  from  the  Laser  Laboratory  for  the  Columbia  C  astronaut  flight  of  January 
12-18,  1986,  a  proposal  was  submitted  to  SDI  for  laser  safety  in  space.  In  common  with  many 
of  our  laser  proposals  since  1961,  this  one  on  laser  safety,  was  promptly  rejected.  Thus,  I 
am  here  without  any  prejudice  at  all  of  any  sort.  (Laughter) 

Our  concerns  for  laser  systems  relate  to  the  deployment  of  the  new  laser  systems  of  SDI, 
to  the  laser  medical  research  laboratory  -  and  with  due  regard  to  our  present  economic 
environment  -  to  the  ambulatory  surgical  center,  and  the  hospital  operating  rooms.  If  you 
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are  not  aware,  laser  surgery,  when  indicated,  emphasizes  medical  cost  savings  through  more 
out-patient  facilities.  To  us,  then,  the  spin-offs  of  laser  SDI  are: 

1.  New  Laser  Systems  -  excimer,  chemical,  FEL,  and  x-ray; 

systems,  whether  ground  or  space  based,  all  have  definite 
biomedical  applications  especially  from  the  so-called 
small  laser  systems  group  of  SDI 

2.  Super  Computers 

3.  SDI  communications  and  information  handling  technologies 

4.  Optics  research,  especially  in  adaptive  lenses  and  fiber 
optics  systems 

5.  The  philosophy  of  cross  fertilization  which  SDI  endorses; 
this  means  physicists  and  engineers  working  actively  with 
biologists  and  physicians 

Also,  in  laser  biomedicine,  we  definitely  do  not  believe  in  the  Chatham-Gulch  Law  that  "New 
Lasers  Never  Work". 

Now,  what  about  the  specific  laser  systems  of  SDI?  In  spite  of  SDI ' s  interest  in  high 
output  systems  and  not  in  193  nm  excimers,  basic  SDI  research  for  excimers  will  help  in  the 
development  of  higher  outputs,  fiber  optics,  optical  phase  conjugation  applications  and 
perhaps  even  more  about  the  concerns  of  mutagenesis  and  carcinogenesis  which  are  very 
important,  especially  to  the  Food  and  Drug  Administration  in  the  U.S.A.  Apparently,  these 
concerns  are  not  important  to  eye  patients  in  Paris  and  also  not  to  the  military  and  to 
industry.  With  the  new  progress  in  excimer  lasers  shattering  kidney  and  gall  bladder 
stones,  called  the  lithotrypsy,  basic  research  will  help  considerably  in  this  area.  TEA, 
superpulsed  and  Q-swi*-ched  CO^  lasers  and  also  Er:YAG,  even  with  its  very  fragile  zirconium 
fluoride  fibers,  are  .low  considered  as  "safer"  rivals  to  excimer  lasers  in  medicine. 

It  is  time  for  laser  medicine  and  surgery  to  become  interested  in  the  highly  efficient 
chemical  lasers  of  SDI,  Not  so  much  the  powerful  Alpha  Project,  but  for  safer  instruments 
where  a  portable  eye  irrigator  will  not  have  to  be  placed  next  to  the  laser.  So,  the  iodine 
is  considered  as  again,  a  "safer  rival"  to  the  HF  laser;  it  is  portable  and  self  contained; 
there  not  rapidly  weakening  chemicals  as  with  many  dyes,  and  good  controls  are  to  be 
considered.  Also,  shorter  wavelength  research  and  even  harmonic  generation  are  to  be 
considered.  Since  there  has  been  so  much  effective  progress  in  the  physics  of  chemical 
lasers  in  the  past  18  months,  consequently,  and  hopefully,  there  will  be  help  also  for  the 
biomedical  phase. 

The  recent  increase  in  the  biomedical  R  i  D  of  FEL  is  very  encouraging  to  our  FEL 
committee  of  the  American  society  of  Laser  Medicine  and  Surgery  of  many  years  ago.  We  did 
dream  of  tuning  all  the  way  from  microwaves  to  x-ray.  The  biomedical  research  with 
Straight,  under  the  directions  of  Maday  at  Stanford,  the  detailed  biomedical  plans  at 
Dallas,  especially  for  PDT  (photodynamic  therapy)  and  the  program  at  Vanderbilt  all  point  to 
great  dreams  in  the  future  for  FEL,  again  primarily  from  the  developments  in  SDI.  Noted 
medical  centers  in  the  U.S.A. ,  now  there  are  at  least  five,  will  have  operating  units  to 
determine  whether  a  high  output  single  precise  tunable  laser  installation  will  answer  all 
the  needs  from  diagnostic  phases,  like  PDT,  to  treatment  facilities  all  from  our  dream  of  a 
single  biomedical  laser  instrument.  SDI  already  has  demonstrated  microwaves  from  FEL.  Now 
we  await  new  additional  wavelengths  from  FEL  besides  IR.  VJith  the  help  and  repeated 
annoyances  to  Dennis  Matthews  of  Lawrence  Livermore  Laboratory,  v/e  have  seen  possible 
biomedical  applications  of  their  famed  laboratory  x-ray,  other  than  x-ray  holography. 

Certainly,  at  present  we  can  not  speculate,  in  contrast  to  others,  quite  foolishly,  that 
the  laser  x-ray  is  not  ready  to  do  away  with  the  hospital  x-ray  division.  With  tissue 
cultures,  with  fresh  slices  of  human  tissues  and  our  cooperative  veterinary  patients,  vje 
would  suggest  laboratory  x-ray  laser  spin-off  research  in: 

1.  Cancer 

2.  Mutagenesis 

3.  Immunology 

4.  Photosynthesis 

5.  Isotope  development  in  vivo 

6.  Micro  x-ray  diffraction  studies  in  vivo 

The  problem  is,  "Can  the  cost  of  the  x-ray  laser  individual  impacts  justi*"/  car.c  r 

research  at  the  cellular  level  at  present?” 

Super  computers  will  have  a  definite  role  in  the  very  rapid  information  gathering 
material,  not  only  in  the  medical  center,  but  also  for  the  distant  provision  of  medical 
care.  Also,  with  precisions  and  rapidity,  this  will  include  computer  programming  for  laser 
diagnostic  and  laser  surgical  procedures.  Now,  what  does  this  laser  movement  in  SDI,  from 
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physics  in  the  laboratory  to  the  engineering  world  mean?  It  has  been  said  that  "the 
engineer  can  do  for  $1  which  any  damn  fool  can  do  for  $2." 

The  greatest  diagnostic  medical  instrument  we  have  today  is  MRI  (Magnetic  Resonance 
Imagery).  There  are  no  x-ray  concerns  here,  only  powerful  magnetic  fields.  We  would  like 
to  have  lasers  ma)<e  the  imagery  of  MRI  holographic.  We  would  like  laser  spectroscopy 
determine  the  function  of  organs  in  MRI,  the  diagnostic  of  cancer  according  to  Alfano,  and 
the  spread  of  cancer.  We  would  like  to  have  NRI  show  movement  and  with  precision,  which 
parts  of  the  heart  have  adequate  blood  flow  and  which  do  not.  We  would  like  optical  phase 
conjugation  to  be  used  in  cancer  diagnosis  for  early  detection,  even  at  microscopic  level. 
Optical  phase  conjugation  can  be  used  for  precise  eye  surgery  as  Stewart  has  suggested. 

Now  the  unborn  child  can  have  examinations  done  with  safety,  under  MRI.  If  instruments, 
called  fetoscopes  can  be  used  inside  the  carrying  mother  for  diagnosis  and  treatment,  then 
laser  fiberoptics  can  also  be  so  used  with  much  more  precision  and  more  efficient  uses.  Can 
we  use  lasers  at  chromosome  level,  as  Berns  has  shown  us  to  do  biomedical  engineering 
surgery  for  abnormal  defects  at  chromosome  level?  That  is  possible. 

Now,  the  laser  engineers  can,  with  SDI ,  help  with  the  development  of  instruments  going 
into  cavities  called  endoscopes.  These  are  for  the  lung,  ga s t r o- i n tes t i nal  tract,  the 
bladder,  the  gall  bladder,  the  heart  and  blood  vessels.  With  the  new  developments, 
including  optical  phase  conjugation,  there  can  be  improvements  even  for  the  famed  endoscope 
of  MIT  with  its  19  optical  fiber  computer  programmed  heart  for  blood  vessel  diagnosis  and 
treatment.  This  is  the  immediate  great  challenge  for  the  need  of  man  and  the  development 
for  the  medical  laser  market  for  the  immediate  future. 

We  need  special  laser  diagnostic  centers  for  the  new  area  of  laser  non-surgical 
d‘agr.osi=  medical  treatment.  This  so-called  "pure"  laser  medicine  includes  basic 

laser  photobiography,  Doppler  circulation  studies,  immunology,  exogenous  chromophores  for 
diagnosis  and  treatment  beyond  the  ordinary  endogenous  chromophores  that  the  body  has. 
Endogenous  chromophores  are  pigments  which  the  body  has,  such  as  hemin  of  the  red  cells  and 
melanin  of  skin  color.  It  is  the  endogenous  chromophores  which  make  for  specific  local 
reactions  with  lasers  400-700  nro. 

New  instruments  with  new  photons,  again  for  diagnosis  and  treatment,  make  for  the 
deliverance  of  better  medical  care.  We  can  do  this  now  in  the  real  world,  especially  v;ith 
the  help  of  SDI.  We  in  medicine  can  do  this  for  the  entire  real  world  so  that  the  have-not 
non-participants  of  SDI  R  i  D  in  Europe  and  Asia  do  not  feel  that  the  U.S.A.  and  its  allies 
have  the  only  exclusive  use  of  the  evident  spin-offs  from  SDI,  for  the  good  of  man.  We  feel 

also  that  this  interest  in  the  biomedical  applications  from  SDI  is  not  premature  or 

foolishly  over  enthusiastic.  Again  and  again  for  the  deliverance  of  better  medical  are  we 
need  more  and  more  of  those  fabulous  photons.  (Applause). 

Prof.  Sproull; 

Thank  you  very  much.  As  I  mentioned  before,  we  will  defer  questions  and  comments  until 
all  the  speakers  have  made  their  presentations.  The  next  three  speakers  are,  to  a  certain 
extent,  a  set,  and  we'll  start  with  Jack  Hammond  whom  you  heard  this  morning.  He  is  a 
physicist  directing  the  Directed  Energy  Program  at  SDIO. 

Dr.  Hammond: 

Thank  you.  Well,  since  we  are  a  set.  I'll  try  to  keep  ny  mark  somewhat  to  a  minimum 
here,  the  subject  being  "The  Maturity  of  Laser  Technology  for  Strategic  Defense".  First,  I 
would  like  very  much  to  say,  and  it  is  one  of  my  major  points,  that  this  is  a  complicated 
issue  -  it's  clearly  one  which  we're  constantly  confronted  with  in  the  conduct  of  the  SDI 

program.  It  is  also  one  which  I  think  is  deserving  of  a  very  vigorous  and  informed  public 

debate  and  one  which  I  think  deserves  a  bit  of  work  on  the  debaters  because  it  is  a 
complicated  issue.  It's  complicated  because  you  have  to  understand  several  things.  First, 
you  have  to  understand  which  technologies  we  have  in  our  set  of  tools  to  work  with  for  SDI 
applications.  You  have  to  understand  what  their  status  is,  both  in  terms  of  the  physics 
reality,  as  well  as  how  far  they've  been  engineered.  You  have  to  understand  clearly  what 
you're  trying  to  do  and  it's  not  just  necessarily  one  mission  that  you're  trying. 

You're  trying  to  do  a  range  of  missions.  And  finally,  you  have  to  understand  v;hat 
remains  to  be  done  in  terms  of  new  physics,  and  for  the  more  mature  system,  what  is  required 
to  be  done  in  terms  of  engineering  -  h„.;  long  Lliat  engineering  will  take  or  how  long  is  it 
projected  to  take.  Considering  these  elements,  let's  at  least  look  at  the  first  two  and 
say, "What  do  we  have  as  candidates?"  and  "What  is  their  status?". 

I  think  this  type  of  meeting  is  a  very  excellent  example  of  the  increasing  ability  to 
get  that  sort  of  information  for  forming  opinions.  The  extent  to  v/hich  we're  able  to  talk 
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about  the  status  of  the  technology  in  the  open,  without  running  into  classification  has  been 
helped  a  lot  by  the  fact  that  we  have  tried  to  formulate  very  precise  c 1  ass i f i ca t : o n  guides 
to  encourage  publication  as  long  as  it  does  not  violate  national  security  interests.  We've 
tried  to  cooperate  within  SDI  with  organizations,  such  as  the  APS,  who  have  done  a  very 
excellent  job  in  identifying  what  issues  do  exist.  We  may  take  issue  with  them  on  matu-'ity 
and  some  of  the  specifics  with  the  numbers  but  at  least  there  is  a  very  good  compendium  for 
looking  at  what  exists  and  what  some  of  the  issues  are. 

Let  me  now  turn  to  the  second  issue;  I'll  come  back  to  the  technologies  wo  have  in  hand 
and  what  I  think  the  status  is.  And  certainly  the  status  will  be  addressed  by  the  next  two 
speakers  following  me.  But  let  me  turn  for  a  minute  to  the  issue  of  what  are  we  trying  to 
do  with  lasers  and  what,  in  fact,  SDI  is  trying  to  do,  and  to  summarize  very  quickly  what 
has  been  debated  quite  a  bit  in  the  press  and  elsewhere.  Over  the  last  six  months  or  so, 
the  DOD  has  been  involved  in  a  defense  acquisition  board  review  of  the  SDI  program.  The 
upshot  of  all  of  that  is  we  have  looked  very  carefully  at  several  aspects  of  what  SDI  can  do 
and  what  tools  we  need  to  do  it.  We've  identified  a  phase  I  system  architecture  with 
candidate  sub-elements  and  we've  looked  at  follow-on  systems  that  could  be  used  as  the 
threat  grows.  And  when  I  say  threat  I  mean  that  in  a  very  detailed  sense. 

We  have  really  looked  at  what  is  the  current  threat,  the  slower  boosters  which  tend  to 
give  kinetic  energy  weapons  longer  times  to  do  their  job  with  their  finite  fly  out  times. 

We  have  also  looked  at  how  soon  that  threat  may  give  way  to  faster  busing  and  faster  burn 
boosters  -  what  the  implications  of  mobile  types  of  boosters  might  be  -  and  we  have  tried  to 
look  at  how  that  threat  evolves  and  how  the  technologies  which  we  can  apply  to  addressing 
that  responsive  threat  need  to  evolve.  And  there  is  understanding  among  the  threat 
community  and  DOD  in  general,  as  to  the  need  for  looking  both  at  near  term  technologies  such 
as  kinetic  energy  and  far  term  technologies  such  as  lasers.  And  looking  at  not  only  that 
but  how  lasers  and  some  of  the  advanced  technologies  at  say  lower  power  levels  play  in  the 
early  phases,  in  the  Phase  I  type  of  architecture.  We  have  not  made  any  decision  to  deploy 
any  system.  We  have  made  a  decision  to  accelerate  certain  of  the  sub-elements  into  a 
demonstration  validation  phase. 

Well,  at  any  rate,  that's  merely  to  say  that  we  have  looked  at  where  lasers  may  play  and 
we've  looked  at  that  with  a  considerable  amount  of  detail.  Let  me  just  speak  about  what  we 
have  in  the  laser  world  and  how  might  it  play  against  those  missions.  As  time  progresses, 
there  is  a  role  in  the  fairly  near  term  for  illumination  lasers,  laser  radars  for 
di scr imi nat ion  -  those  types  of  technologies  that  I  mentioned  briefly  this  morning.  And 
many  of  the  technologies  that  you  heard  discussed  in  specific  papers  here  play  in  those 
early  phases.  And  there's  not  much  engineering  required  for  many  of  those  systems.  But,  it 
is  basically  an  engineering  issue  and  those  systems  come  along  fiist.  In  terms  of  the 
follow-on  systems,  that  is,  the  speed  of  light  weapons  systems,  such  as  my  office  works  on, 
we  again  have  a  range  of  technologies  available  tanging  from  chemical  lasers,  which  in  many 
ways  are  more  mature.  I  think  those  will  be  addressed  by  Dr.  Miller.  I'll  throw  up  a 
couple  of  slides  since  we're  on  video  tape  here  and  at  least  get  the  machine  set  up  with 
these  slides. 

The  lamp  mirror  is  now  complete.  I  unfortunately  don't  have  the  slide  with  me  on  my 
person  at  this  time  with  all  of  the  segments  in  place.  But  it  is  typical  of  the  types  of 
technologies  being  worked  on  for  space  based  chemical  lasers,  that  is  a  technology  which  has 
been  under  the  development  since  the  early  to  mid  73's  and  can  furnish  through  the  use  of 
mirror  technology  -  adaptive  mirror  technology  such  as  this  -  which  we  pretty  much  have  in 
hand  and  are  able  to  scale  up  to  brightness  levels  for  initial  application  -  that  is  to 
augment  say  for  example,  kinetic  energy  weapons  systems.  Vie' re  able  to  scale  this  optics 
technology  -  technology  like  that  under  development  with  the  Alpha  Laser  program  -  annular 
resonator  configurations  for  chemical  lasers  as  quickly  as  any  of  the  other  technologies 
that  we  have  in  hand  for  high  power  applications. 

I  hesitate  to  say  at  the  other  end  of  the  scale  -  lest  they  think  that  it's  putting  Dr. 
Briggs  in  a  precarious  position  -  and  I  even  used  an  RF  accelerator  to  typify  the  FEL.  He 
claims  that's  at  the  other  end  of  the  scale.  He  works  on  another  type  of  accelerator  called 
induction  Linacs.  But  here  you  can  see  sort  of  the  state  of  the  art  in  free  electron 
lasers.  This  gives  you  more  power  on  the  ground  and  you  don't  have  problems  with  space 
expendable  fuels  for  the  lasers.  The  mirrors  are  in  space  -  the  lasers  aren't.  This  sort  of 
laser  looks  more  like  a  laboratory  device.  It  is  not  a  high  average  power  device.  It's 
looking  at  physics  issues.  So  that's  at  the  other  end  of  the  development  scale.  So  to  very 
quickly  end  up  my  points,  I  v;ant  say  that  maturity  is  a  complicated  issue  -  it's  one  in 
v;h i ch  we  encourage  an  informed  public  debate  and  it  is  not  one  that  one  can  very  quickly 
summarize.  Thank  you. 

Prof.  Sproull: 

Thank  you  very  much.  We  are  very  pleased  and  fortunate  to  have  Joseph  Miller  from  TRW 
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here . 


Dr.  Miller: 

Hi.  Without  arguing  exactly  what  maturity  means,  in  my  opinion,  the  high  energy  laser 
technology  is  far  more  mature  at  this  point  and  time  than  is  generally  perceived  by  the 
general  public  or  even  the  technical  community  at  large.  In  my  opinion,  we're  building  on  a 
base  of  experience  that's  over  twenty  years  old  at  this  point  and  time.  The  first  very  high 
power  lasers  really  came  on  line  in  the  1960's,  those  were  the  carbon  dioxide  gas  dynamic 
lasers  and  electrical  lasers.  And  although  we're  not  working  with  that  kind  of  laser  now, 
we  have  used  a  great  deal  of  the  experience  based  on  what  was  developed  at  that  point  and 
t  ime  . 

Those  lasers  taught  us  how  to  build  combusters  and  diffusers,  fluid  systems.  The  firct 
cool  high-power  mirrors  were  developed  on  those  lasers  and  are  essentially  the  same  as  those 
in  use  today.  The  optical  resonator  configurations  which  would  give  us  good  saturations, 
good  extraction  efficiency,  good  mode  control  and  high  beam  quality  were  developed  on  those 
lasers  and  are  essentially  very  similar  to  what  we  are  using  today.  Also,  the  alignment 
systems,  the  isolation  of  gas  from  optical  systems,  the  development  of  computer  models  of 
wave  optics  phenomenology  that  are  required  in  the  high-power  lasers  =nd  the  diagnostics 
associated  with  high-power  lasers  were  developed  in  the  1960's. 

So,  quite  a  legacy  was  established  in  the  late  60's  and  early  70's  that  was  borrowed 
directly  as  we  entered  the  development  of  chemical  lasers.  The  chemical  lasers  have  gone 
essentially  from  100KW  scale  lasers  to  megawatt  scale  lasers  during  the  1970's.  The  first 
large  chemical  laser  came  on  line  in  1973  and  by  1980  we  were  operating  with  megawatt  scale 
lasers,  and  these  high  power  lasers  have  extensive  test  experience. 

We  have  studied  the  propagation  of  the  beams,  the  retention  of  beam  quality,  the 
acquisition  of  tracking  and  alignment  of  the  beams  on  targets,  the  effects  on  those  targets, 
and,  of  course,  the  technologies  of  the  lasers  have  advanced.  Higher  power  densities, 
higher  efficiencies,  more  practical  reactants,  more  practical  hardwares  systems  have  been 
developed  .  By  the  80's,  we  are  now  operating  reliably  and  consistently,  at  MW  power 
levels,  we  are  addressing  light  weight  high  efficiency  space  laser  configurations,  adaptive 
optics  and  techniques  to  provide  very  fine  beam  quality.  And  high  powers,  are  coming  on 
line  and  being  applied  to  high  power  lasers  themselves.  The  lamp  mirror  that  Jack  showed 
you  is  a  very  large  optic  whose  figure  is  controlled  to  a  very  small  fraction  of  the 
wavelength  of  the  light  that  we  have  to  operate  within  an  adaptive  optic  sense.  The 
wavefront  sensing  and  actuation  of  those  surfaces  of  the  Alpha  laser  which  will  be  coming  on 
line  in  a  few  months  is  a  embodiment  of  a  very  high  power,  high  efficiency  space  laser 
conf  igurat ion . 

The  work  that  we're  doing  in  the  1980's,  is  literally  a  third  generation  of  these 
devices  and,  in  my  opinion,  our  high  power  excimer  lasers  and  the  high  power  free  electron 
lasers  that  will  be  coming  next,  will  build  on,  and  are  building  on  that  experience  base  as 
well  as  their  own  experience  in  high  voltage,  high  power  systems  and  in  very  large 
accelerators.  In  addition,  there  are  some  advanced  technologies  coming  on  which  have  been 
the  subject  of  a  good  part  of  this  meeting  involving  non-linear  optical  processes, 
stimulated  Raman  scattering,  stimulated  Brillouin  scattering  and  the  phase  conjugation 
properties  associated  with  them.  The  background  in  hardware  and  the  expertise  in  high  power 
lasers  are  not  only  issues  of  physics,  they  are  issues  of  engineering.  VJe  have  for  these 
high  power  lasers  engineering  design  criteria  fabrication  techniques....  Jack  showed  early 
today  the  diamond  turning  machines  and  some  of  the  optical  components  and  I  discussed  some 
of  that  yesterday...  the  assembly  procedures.  We  moved  out  of  the  physics  world  and  into 
the  engineering  world. 

The  extrapolations  of  what  is  required  for  near  term  strategic  defense  initiative 
applications  are:  The  laser  power  has  to  go  up  by  another  factor  something  less  than  a 
factor  of  ten,  the  projecting  optics  have  to  get  larger,  a  few  times  larger,  ...  the  point 
is  that  the  work,  that  we  have  done  to  this  point  in  time  and  with  these  experiments  that 
are  coming  in  line,  literally  established  the  engineering  design  criteria  for  those  systems. 
It  is  misleading,  my  opinion,  to  characterize  what's  required  as  a  very  large  leap,  factors 
of  tens  in  laser  powers  and  factors  of  tens  in  optics,  and  lets  square  that  because  the 
brightness  goes  up  with  the  square,  and  so  we're  only  a  hundredth  or  thousandth  of  the  way 
there.  That  really  is  a  very  misleading  way  to  characterize  the  state  of  technology  at  this 
time.  We  really  are  able  to  design  the  near  terms  systems  in  many  respects  right  now.  In 
addition,  as  we  look  at  this  growth  to  the  robust  systems  of  the  future,  we  really  have  to 
look  at  some  of  the  advanced  technologies.  In  particular,  these  non  linear  optics  and  phase 
conjugation  technologies  ate  very  important  because  the  physics  within  the  last  year  or  two 
have  been  established  to  really  show  that  you  can  use  these  technologies  to  go  to  very  much 
higher  powers,  very  much  larger  projecting  optic  systems  by  synthesizing  modules  and  by 
doing  it  in  a  way  that's  inexpensive  and  reliable. 
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The  phase  conjugation  technologies  let  you  build  this  high  power  hardware  at  much  more 
comfortable  engineering  tolerances.  It  lets  you  build  things  faster  and  make  them  a  lot 
less  expensive.  They  eliminate  a  lot  of  high  precision  equipment  involving  stabilization 
systems,  wavefront  sensing,  deformable  mirrors,  and  they  lead  to  very  practical  systems. 

So,  in  my  opinion,  people  who  paint  the  high  energy  laser  technology  as  very  risky,  very 
immature  and  extremely  difficult,  who  are  not  really  able  to  extend  to  the  SDI  mission  and 
who  have  good  technical  backgrounds,  are  actually  performing  a  serious  disservice  to  the 
community  at  large.  Thank  you. 

Prof.  Sproull: 

Thank  you  very  much.  Next  is  Dr.  Briggs  from  Lawrence  Livermore  National  Laboratory. 

Dr.  Briggs: 

I  think  one  of  the  first  things  that  came  over  me  was  that  somehow  I  had  a  feeling  of 
unease  about  this  word  maturity  and  the  chairman  Oi  this  session  in  fact  even  spoke  a  little 
bit  about  that  at  the  outset.  And  so  I  grab  my  dictionary  and  start  looking  at  what 
maturity  means  and,  of  course,  one  of  the  first  definitions  that  you  have  is  the  attainment 
of  a  final  and  desired  state.  I  think  that's  what  most  of  us  sort  of  sense  we  have  in  mind 
as  far  as  the  title  of  this  session  is  concerned.  How  close  are  we  to  that  final  state? 

But  of  course,  not  surprisingly,  there  are  other  definitions  in  the  dictionary.  And  one  of 
them  is  reaching  a  set  limit  of  time. 

You  all  have  savings  bonds  and  you  know  that  maturity  sometimes  is  ten  years  and  you've 
done  it.  And  those  who  have  children  know  that  by  the  time  they  get  to  eighteen  years  old 
they're  called  mature.  Sometimes  they  are  and  sometimes  they  aren't.  So  really,  we  have  to 
be  a  little  careful  and  I  guess,  after  reading  the  dictionary,  that  sort  of  left  me 
understanding  why  I  had  a  little  unease.  Hanging  around  long  enough  is  not  the  real 
criteria  for  maturity.  The  real  question  that  we're  addressing,  of  course  is, "What  are  the 
chances  that  a  given  technology  can  meet  the  requirements?"  and  "How  long  will  it  take  to 
develop,  how  much  money  of  course  will  it  take  to  develop?".  That's  the  real  question.  That 
one  isn't  simple  either.  The  real  requirements  in  general  terms:  I  think  the  APS  study  came 
out  with  a  reasonable  guideline  there  as  far  as  laser  devices  and  laser  systems  are 
concerned.  How  long  is  always  a  question  of  how  hard  you  work. 

So  I  always  have  a  great  deal  of  difficulty  with  that  because  I  think  there  are  too  many 
examples  in  this  country  that  are  often  quoted,  that  once  we  make  up  our  mind  we  want  to  do 
something  and  in  general  have  more  than  a  vague  notion  of  how  to  go  about  it,  we  can  do  it 
in  an  amazingly  short  period  of  time.  So  it  is  often  a  question  of  the  national  priority, 
whether  the  objective  is  viewed  as  sound  enough.  And  I  think  that  the  debate  over  SDI  in 
large  part  revolves  around  that  in  my  opinion,  which  is  the  political  question.  Do  we  want 
to  do  this  badly  enough?  I  think  time  scales  can  often  be  heavily  influenced  by  how  hard 
you  work  at  it.  So  those  are  a  few  sort  of  broader  comments.  I'm  now  going  to  get  narrow 
just  to  be  specific  as  far  as  the  technical  audience  here  is  concerned  and  talk  a  little  bit 
about  the  FEL  amplifier  which  is  about  the  only  laser  I  know  a  whole  lot  about.  I'm 
actually  a  refugee  from  plasma  physics  and  accelerator  physics.  I  don't  get  to  too  many 
laser  conferences. 

The  basic  point  that  I  would  like  to  make  in  talking  about  this  example  is  that  you  have 
to  understand  the  development  of  the  technology  that  you're  trying  to  develop  well  enough, 
and  what  that  development  plan  is  before  you  know  how  close  you  are  to  developing  it.  It 
may  sound  like  an  obvious  statement,  but  let  me  take  this  particular  example  and  talk  a 
little  bit  about  it.  It  has  been  talked  about  here  at  the  conference  in  enough  depth  so  you 
can  hopefully  get  some  piece  of  the  message  as  to  where  we  are  in  the  development  plan.  We 
need  laser  requirements  -  I'm  thinking  here  of  ground  base  lasers  considerably  in  excess  of 
ten  megawatts,  fairly  short  wave  lengths  and  fairly  good  beam  quality  of  course.  In  the 
opinion  of  those  of  us  who  have  been  working  on  this  technology,  we  feel  we  have  a  very  good 
chance  of  meeting  these  requirements. 

The  FEL  correctly  has  been  viewed  as  a  potential  breakthrough  in  technology  on  very 
fundamental  grounds  -  its  not  a  question  of  sort  of  the  latest  idea  that's  slightly  better 
because  of  some  details  here  and  there.  It's  a  totally  different  kind  of  way  to  go  at  it. 

It  involves  radiation  from  electrons  in  vacuum.  You  don't  have  a  laser  media  except  the 
electron  beam  itself  of  course.  So  an  awful  lot  of  the  problems  that  limit  power  density, 
the  problems  that  basically  limit  power  density  in  real  lasers,  are  absent  here. 

You  can  have  very  high  gains  as  in  klystrons,  which  have  70-B0  db  gain  in  the  microwave 
regime,  and  people  often  say  that  FEL  is  an  extension  of  sort  of  microwave  kind  of 
technology  into  the  visible  spectrum,  which  I  think  is  a  pretty  accurate  description.  And 
you  can  get  very  high  conversion  efficiencies,  of  course  that's  for  SDI.  I  guess  that 
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probably  would  be  number  one  on  the-  list  ns  to  why  you  c.irt.  11. 're's  icneric  puMure  of  m 
FFl,  ai.ij'l  i  f  i  e  r  driven  by  jn  K  [■  induction  accf- 1 1- 1  o  t  (.  r  .  For  t  bos.'  who  know  ti.e  dc>'oiln  of  tht' 

coi '.pe  t  1  t  i  o  n  that  we're  onqaniruj  in  h'rr,  I  hope  you  r<  iliz--  that  1  '  r-  rjivi:u)  you  in 
ecumenical  speech  here  tn.il  is  reolly  aimed  at  t  o  1  1,  i  no  at. out  the  I'l  1,  in  ,■  hr  i.o  ,i  n:.-. 

The  only  d  i  f  f  I'rr'nct  s  ht're  for  the  present  cunt--xt  ore  minor  d  i  f  f  ereroos  in  ;  u  1  no  tort  it 

as  far  as  power  amplifier  co  n  f  i :  ■  u  r  a  t  i  o  n  is  conce  r  ned  and  t  li  e  rri  s  t  ('  r  e  sc  i  I  1  a  t  o  r  c !  o  ;  c  o  u  . 

Via  Vt' 1  eng  t  h  s  for  FFI.  scale  as  one  ovi  r  electron  bt'an  ('ntrny  souart'd.  C.ne  little  ['Ulse  of 
elrctrons  runs  through  this  ami'liiier  •..■ith  one  little  pulse  of  lioht  a:.d  it  ..m;.  i  i  f  i  e  s .  The 

convt'tsion  in  that  little  pulse  voiuld  gi'/e  you  a  p<  ik  power  out  which  is  [  r  I'po  r  t  1 1  na  1  to  t  n< 

electron  be.ar.  power  which  involv.'S  the  c-urrent  .inri  the  vc;  1  t  me  of  rourne. 


That's  about  as  much  technical  definitions  as  I  viiriL  to.  make  for  the  lutf'ises  of  those 
remarks.  For  tht  short  ua  vt' 1  e  not  h  s ,  you  want  a  lot  of  .'lev  -  t'le-  occeleratt  r  siz.’  in  a 
linear  acceler.itor  gets  lontu-r  the  more  MeV  you  ask  for.  If  I  havf'  very  hint  voltage 
partic’les  and  t  want  to  extract  a  fair  iroimt  of  •  h.' i  r  energy,  if  turns  out  I  need  len-u>r 
and  lc!nger  wigclcrs  if  T  pci  to  higher  and  hi'thtt  volt  ig.  .  Fo  as  I  scrile  down  in  wav.  lencith 
as  I  schematically  indicatr  h.  re,  the  bad  news  is  that  sluitter  v.'a  vo  1  f' nc,  I  h  .If  vices  teid  to  Le 

huiger  systems  -  it's  kind  of  1  n  *  r  i  g  u  i  no  inverse  scaling  law  hero  of  sonf-  type.  Im  t  the 
good  nevis  is  that  if  I  build  on  accelerator  technology,  wb.icbi  is  the  [.owi-r  sourc.’  here,  ’■hat 
operates  at  the  rifilit  duty  factor  at  the  outset,  t  b.-'n  for  short  a  Vf' 1  f'ng  t  h  s ,  the  powt'ts 
achieverl  ar.'  r^'.^lly  guit-'  hint  in  amplifiers  or  oscillators. 

The  (levi  I  opi  ■■■  n  t  plan  ;;  i  t  h  F  r  t, ' s  involv.c'.  i  viho  1  e  lot  of  id.-nl  ical  codults.  And  so  of 
course,  you  'IfVelop  one  riodui.'  wl.eri  you  r.iar!  out  -  that's  part  of  t'le  develepn.’nt  plan  - 
and  you  can  build  lit  tit  sections  of  this  and  le.itn  a  whole  lot  about  it.  Tiif'  [hysics  of 
amt  1  1  t  1  cd  t  1  on  is  i  nciei  (‘nderi  t  of  t  fu-  ovf'rall  pulse  f..ri(|th  i-'o  the  it  F  P  rate  and  so  on.  A-ut  we 

can  study  that  jehysics  in  f  a  i  r  1  ;>  1  ov;  RFIP  r.itr-  levicts  so  the  tresont  df'Vt- 1  op'men  t  phase  is 

sort  of  carrying  two  things  in  rcatallf  l  with  e.tch.  .’ther  -  this  is  v.-here  we  at.-.  i.t''re  doir.o 

jmplifter  physics  -  trying  t  c'  undf  rstanf-  l  fi  i  r,  1  .sic  conversion  efficiency  -  and  l;i  iu'Ving 
inat  w.i  Vf  ■  I .  ■  r,g  t  h  sea’  ibility  in  t  h"'  physics  is  f  o  i  i  1  y  iinor,  which  I  fwli.'Ve  Wf  do.  finy  of 
thf'Sf?  experiments  ate  done  at  t'Ven  longer  wa  ve  1  enc,  t  h  s  thin  the  firi.^l  dosirc'd  ii.i  ve  1  enc  t  h  .  !n 
[oral  lei  with  tc.at,  tni'  pri<;ram  is  developing  'he  rrifit  i  n  1  <' f  very  hi  |h  a’ce  r  .ag.  •  fewer 
f  If'Ctt'in  hc'ap  accf- 1 "  r  a  t  o  r  s  which  do  not  exis'  at  (nestrit.  that  is  a  considetahlt  .'Xtfrsirn 
at  tilt  state  of  i  he  art  ,  hy  tac  viay  -  high  h  t  i  gli  t  ne.;s  ,  np.l  averac  power  elect  ten 
acco  1  f.  r  a  t  o  r  .s  in  th'-ir  two  basic  t  yg-es  -  up  are!  induct  icr.. 


At  the  ptf  uSf'nt  t  ii.e  at  oui  s'aof'  of  raturiiy,  theie  fiavi  been  sore  .  ry  fine  f'ar’.y 
ox  |io  r  1  la- h  r  s  -  be:,  Alamos  ant'  Fia  t  f-,  Fcienc.s  ht'tlliwisf  cell  >foiai  ing  -with  hoeing  .ariti  'Id'.,'  - 
checkinti  s.ire  of  too  phyuiics  stiocing  that  yo.;  can  extract  onoriy  in  .i  taierod  wicglor,  .ibout 
tl-S  f.ercent  of  the  .'nerqy  out  of  t  fu*  eu-ctron  liar.  i' i  1  1  i  me  i  e  r  i.  ivt  ex  r:.- r  i  me  n  t  s  have  shown 
high  fXtraclion  efficiencies  mo  fiiui;  ga  i  r;  s  1  mu  1 1  :  n. -o'p' 1  y .  Triit  .iort  of  ch.ecks  'he  ohysics 
in  a  very  diffetfit  via  Vf>  1  f  n  •  t  h  r  eg  i ->o  .  bresi>n'  i  x  :■<.  t  iron  I  s  are  re. illy  Iryinif  to  focus  viry 
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what  I'd  like  to  explain  to  you  is  laser  propulsion,  how  it  is  supposed  to  vio  r  k.  ,  and  sonie  of 
the  very  earliest  results  of  a  program  (that  is  being  conducted  under  Jack,  my  next  door 
neighbor  here)  which  has  just  started  to  examine  the  feasibility  of  laser  propulsion.  Th'Ti 
I  will  give  you  some  estimates.  Of  course,  estimates  come  a  dime  a  dozen.  I  will  give  you 
some  estimates  of  why  I  think  there's  a  chance  that  it  rt-ally  can  compete  with  other  ways  of 
launching  stuff  into  orbit. 

I  car.  exhibit  to  you  an  example  of  laser  propulsion  very  easily  and  the  first  virvi  graph 
shows  something  being  propelled  by  a  laser.  It's  a  dust  particle  and  you  hit  it  with  a 
strong  pulsed  laser  and  you  notice  two  things,  both  of  v/hich  are  important.  O.ne,  the 
particle  is  propelled  away  from  the  laser,  but  not  only  that,  the  propulsion  occurs  at 
various  angles.  It  is  not  along  the  laser  beam  but  it  angles  to  the  laser  beam.  Now,  this 
is  most  of  the  fundamental  physics,  so  the  rest  is  down  hill.  Of  course,  the  tiiec'nanism  of 
this  propulsion  is  very  simple.  You  evaporate  stuff  from  a  dust  particle.  This  produces  a 
jet  and  that  propels.  Of  course,  the  velocities  that  you  can  achieve  in  this  way  art-  much 
larger  than  can  be  achieved  with  chemical  rocketry.  As  you  know,  the  kinds  of  pressures 
that  are  produced  are  not  just  enough  to  bust  this  dust  particle.  The  ki.nds  of  pressures 
that  can  he  produced  in  this  way  are  the  largest  pressures  that  we  know  how  to  produce, 
hundreds  of  billions  of  atmospheres.  In  laser  fusion  experiments  they  get  up  to  those  kinds 
of  pressures.  .So  you  can  produce  the  forces,  etc.  There  is  no  guest  ion  about  the  Newtonian 
kinds  of  physics  in  this  business. 

The  next  viewgraph  shows  the  energy  to  orbit,  and  the  orbital  velocities  -  G  tines  the 
radius  of  the  earth  square  root  of  that,  and  so  that  cones  out  to  4  kilowatt  hours  per 
pound.  As  you'll  see,  this  process  h.as  no  prayer  of  approaching  a  hundred  percent 
efficiency.  As  a  matter  of  fact,  what  we’re  shooting  for  in  this  feasibility  program  v/ill 
amount  to  about  2  percent  efficiency.  S.)  that,  instead  of  a  four  kilowatt  hours,  it's  two 
hundred  kilowatt  hours  per  pound.  That  still  isn't  a  lot  in  cost.  Now,  let  me  next  show 
you  how.  V.’hen  you  do  something  like  this,  there's  a  tendency  to  add  bells  and  whistles.  I 
want  to  say  I  favor  an  extreme  atte'rapt,  which  Freeman  Dyson  has  referred  to  as  dogmatic,  to 
keep  it  simple.  And  that's  this  four  P  principle,  we  don't  have  aboard  except  the  payload 
propellant  which  will  evaporate  and  photons,  nothing  else.  Now,  I  don't  believe  wo  will 
maintain  that  orthodoxy  all  the  way  to  getting  stuff  in  orbit,  but  we'll  try.  The  next 
slide  shows  how  you  go  about  getting  propulsion  from  a  laser  pulse. 

A  is  a  metering  pulse  which  evaporates  propellant  P  for  half  a  microsecond  or  so.  You 
then  allow  the  gas  to  expand  until  it  reaches  the  density  that  you  want.  Then,  you  follow 
that  with  a  strong  pulse,  sufficient  to  ignite  a  laser  supportive  detonation  wave,  which 
will  heat  the  gas  typically  to  temperatures  on  the  order  of  ten  thousand  Kelvin.  Notice 
that  these  are  above  chemical  temperatures,  so  you  can  get  specific  impulses  which  are  much 
higher  than  you  can  get  out  of  chemical  rockets.  Then,  the  plasma  absorbs  the  beam  by  a 
process,  an  ancient  process  known  as  inverse  Bremsstrahl ung ,  and  creates  a  laser  supported 
detonation  wave  which  is  the  main  heating  element.  That  is  followed  by  the  gas  exf'anding 
over  a  period  of  microseconds,  three  to  ten  microseconds  typically.  Then,  the  exhaust 
dissipates  and  we  repeat  this  about  a  hundred  times  a  second.  Now,  nay  I  have  the  next  one 
Charlie?  This  shows  a  vehicle  which  so  far  does  not  violate  the  four  P  principle. 

It  starts  out  consistent  of  propellant  and  payload  and  the  propellant  is  -  you  can  think 
of  ice.  Ice  is  a  pretty  good  propellant.  IJe  will  want  to  add  two  kinds  of  things  to  it. 

You  need  more  structural  strength  than  ice  has  unless  it's  very  cold  and  you  need  easily 
ionizable  materials,  so  that  you  can  produce  laser  supported  detonation  waves  at  low 
temperatures.  Or  you  need  this  beautiful  invention  that  Dennis  Reilly  made,  where  you  imbed 
in  the  propellant,  tiny  antennas,  which  will  ignite  the  laser  supported  detonation  wave. 

That  is  a  teautiful  thing  which  apparently  works  very  well.  Notice  that  you  can  get  thrust 
at  an  angle  to  the  direction  which  you  need  to  get  angular  momentum  about  the  laser.  And 
That  was  exhibited  in  the  dust  particle  experiment.  In  this  design,  you  need  sixty  decirees, 
which  is  a  large  angle.  Rut  then  you  can  get  the  following  trajectory,  which  is  shown  in 
the  next  slide.  You  don't  need  this  sixty  degrees,  which  I  don't  quite  like,  if  you  use  a 
sphere  and  you  make  the  trajectory  a  little  trickier.  That  is  shovin  in  the  next  Viewgraph. 

What  we  do  here,  is,  we  use  a  sphere.  The  size  of  the  sphere  is  proportional  to  the 
mass  left  and  it  goes  up  to  nine  hundred  kilometers  and  out  into  orbit.  Unfortunately,  I 
don't  have  the  time  to  do  more  than  just  one  thing.  To  say,  if  you  analyze  this  process, 
presuming  that  we  will  be  successful  in  getting  about  4B  percent  of  the  laser  energy 
intr  thrust,  then  this  process  can  become  very  competitive  with  rockets,  as  long  as  you  use 
the  system  more  than  about  three  percent  of  the  time.  Its  costs  will  go  down  below  that  of 
rockets.  And  its  launching  capabilities  are  very  large,  enought  that  a  ten  Megawatt  laser 
is  capable  of  doing  about  35  shuttle  launches  every  year,  in  mass,  into  orbit.  1  think  that 
would  have  an  impact  on  SDI  architecture  and  that  impact  is  still  fully  to  be  assessed. 

Thank  you. 

Prof .  Sproul 1 : 
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We  turn  next  to  Kumar  Patel,  who,  as  all  of  you  know,  is  a  distinguished  contributor  to 
laser  physics  and  technology.  I  think  one  of  the  reasons  he  is  here  today  is,  also,  he  was 
the  Co-Chairman  of  the  APS  study  on  directed  energy  weapons. 

Dr.  Patel; 

Thank  you.  I  would  like  to  very  briefly  discuss  some  of  the  aspects  of  the  APS  report 
as  they  deal  with  only  the  laser  technology.  One  of  the  things  that  I  think  I  should  point 
out  and  I  think  it  has  been  lost  in  translation  many  times  is  that  the  report  has  already 
been  published  in  "Reviews  of  Modern  Physics"  and  anybody  who  cares  to  read  it,  will  find 
out  that  the  report  in  no  place  says  something  will  not  work,  that  in  no  place  it  says  that 
SOI  should  not  be  followed.  What  it  really  says  is  that  if  directed  energy  weapons  are 
going  to  be  useful  in  strategic  defense,  there  are  certain  requirements  and  those 
requirements  are  laid  out  and  then  those  are  compared  with  where  various  technologies  stand. 
We  should  also  remember  that  SDI  means  different  things  to  different  people  -shooting  down 
an  enemy  satellite  is  in  fact  a  part  of  SDI  but  it  is  a  very  small  part  of  it.  The 
requirement  of  power  or  technical  expertise  is  considerably  less  than  going  after  a  boost 
phase  defense.  What  the  APS  report  does,  is  it  plots  out  a  scenario  where  directed  energy 
weapons  are,  in  fact,  significant  contributors  to  an  overall  defense  of  the  type  that  was 
initially  envisioned  as  the  SDI  to  be,  not  a  partial  defense,  but  a  total  defense. 

If  you  back  off  from  that  requirement,  you  can  come  up  with  a  host  of  low  requirements 
and,  hence,  a  low  amount  of  improvements,  which  may  be  necessary.  But  that  is  getting  lost 
in  the  noise,  where  o^ten  the  requirements  are  changed  and  arguments  are  made  that  what  the 
report  is  saying  is  wr  'g.  What  I  intend  to  do  is  very  briefly  review.  Most  of  you, 
probably,  have  seen  or  heard  about  this  report  many  times,  so  I  am  not  going  to  bore  you 
with  the  gory  details.  But  what  this  report  does,  is  describe  the  physics,  science,  and 
engineering  of  various  laser  and  other  directed  energy  weapons  technologies  which  include 
particle  beams.  For  the  purposes  of  the  present  discussion,  I  will  talk  only  about  lasers, 
beam  control,  and  delivery.  Also,  1  will  talk  something  about  the  beam  materials 
interaction  because  that  tells  us  how  much  energy  is  needed  for  destroying  an  object  and, 
perhaps,  I  will  say  something  about  acquisition  tracking,  only  because  it  is  a  very  integral 
part  of  SDI.  Lasers  and  other  directed  energy  weapons  have  a  very  important  role  to  play  in 
the  acquisition  tracking  and  discrimination. 

This  rather  busy  slide  tells  us  where  various  technologies  are  important  -  I  talk  about 
boost  phase  and  mid  course  in  terms  of  the  flight  of  a  missile  and  the  re-entry  vehicles. 

The  various  issues  are  detection,  acquisition,  tracking,  discrimination  and  destruction. 

One  of  the  things  you'll  find  out  is  that  laser  technology  plays  an  important  role  in  almost 
all  phases  of  SDI.  The  only  place  where  it  does  not  play  any  significant  role  is  in 
detection  of  a  launch,  probably  because  the  amount  of  energy  that  is  given  out  by  a  chemical 
rocket  is  so  large,  that,  it  can  be  detected  v/ithout  any  help  from  anything  else.  But  the 
key  point  is  that  lasers  have  an  important  role  to  play  in  almost  all  phases  of  strategic 
defense.  Now,  lets  look  at  the  question  of  what  lasers  do  that  deliver  lethal  energies  at 
thousands  of  kilometers  at  about  the  velocity  of  light. 

For  kill  applications,  the  high  value  targets  are  the  boosters  and  the  post  booster 
vehicles,  because,  for  the  destruction  of  one  of  these,  it  gives  you  roughly  ten  to  one 
advantage  in  terms  of  the  targets  you  have  killed.  Of  course,  for  the  re-entry  vehicles  and 
in  the  mid-course,  the  kill  application  is  very  important.  In  the  mid-course,  the 
interactive  discrimination  and  the  interactive  radar  play  a  very  important  role.  Here 
lasers  of  various  types  can  have  a  significant  role.  Now,  what  is  needed  -  the  top  part  that 
you  don't  see.  What  it  says  is  that  for  the  boost  phase  application,  you  need  sufficient 
power  or  energy  to  kill  the  ballistic  missiles  or  kill  the  post-boost  vehicle.  You  need 
sufficient  beam  quality  pointing  accuracy  and  agility  to  deliver  lethal  power  over  long 
distances  in  the  engagement  time. 

The  present  engagement  time  is  in  the  order  of  ten  minutes,  which  can  be  shortened  and 
will  be  shortened,  as  one  faces  the  responsive  threat,  but  I  will  not  get  into  that.  For 
lasers,  you  need  opvical  systems  for  transmitting  beams  from  a  source  to  the  target,  the 
various  kinds  of  '■clescopes  or  what  have  you.  Of  course,  you  need  accurate  detection  and 
location  of  the  booster  and  plume.  I'll  say  a  word  or  two  about  that  because  some  sort  of 
interactive  radar,  whether  it  is  laser  or  microwave,  will  play  an  important  role.  In  the 
mid  course  you  need  power  to  kill  and  you  need  sufficient  retargeting  and  the  ability  to  be 
able  to  address  various  targets.  Also,  you  need  a  mechanism  for  discriminating  between  the 
reentry  vehicles  and  the  decoys.  Now,  the  various  types  of  lasers  are  chemical  lasers, 
excimer  lasers,  f ree-electron  lasers  and  x-ray  lasers  -  I'm  not  going  to  say  anything  about 
the  details  of  these  lasers  -  you  heard  something  about  that  in  the  earlier  talks  -  what  I'm 
only  going  to  point  out  here  is  that  the  American  Physical  Society  did  i  ri  fact  look  at 
various  lasers  -  looked  at  their  physics,  science,  and  engineering  and  came  to  some 
conclusions  about  where  the  various  technologies  stand. 
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Before  I  go  to  that,  let  me  just  point  out  that  a  laser  destroys  a  target  by  either 
melting,  using  CW  lasers  or  impulse  loading  with  pulse  lasers  of  the  type  that  Dr. 

Kantrowitz  just  mentioned,  which  create  tremendous  pressures  by  surface  ablation.  That  is 
one  way  of  destroying  a  target.  Thg  amount  of  energy  you  need  for  destroying  a  target:  for 
a  soft  target  you  need  about  IKJ/CM'^,  typical  booster  ten  10KJ,  hardened  targets  under  100 's 
KJ  in  approximate  numbers  for  just  looking  at  what  we  are  going  to  be  doing.  Starting  from 
that,  you  can,  assuming  that  you  have  a  diffraction  limited  beam  for  a  given  mirror  size  and 
a  given  distance  in  terms  of  range,  figure  out  how  much  power  will  have  to  be  delivered  to 
the  target  for  killing  the  target.  This  is  for  2.8  microns  assuming  no  losses  anywhere. 

One  of  the  things  that  you  see,  is  making  the  mirror  larger  does,  in  fact,  reduce  the  amount 

of  energy  that  is  needed. 

One  can  make  mirrors  arbitrarily  or  unreasonably  large  to  reduce  the  requirements  on  the 

laser.  If  you're  a  ground  based  laser,  such  as  the  excimer  laser  or  the  free  electron 

laser,  you  still  need  optics  in  space.  As  was  mentioned  earlier,  you  need  two  sets  of 
optics:  one  is  a  relay  mirror  and  the  second  is  a  mission  mirror  as  shown  there.  You  have 

the  uplink  and  the  downlink.  The  uplink  has  not  necessarily  a  problem  but  a  complication 
that  arises  from  wave  front  destruction  as  the  light  propagates  through  the  atmosphere.  On 
the  downlink,  you  can  have  a  potential  problem  of  SRS  if  you  try  to  reach  targets  too  far  in 
the  atmosphere.  Some  of  these  issues  are  listed  here  for  chemical  lasers.  The  issues  are 
space  based,  and  large  optics  because  of  long  wavelengths.  Free  electron  lasers  and  excimer 
lasers  are  ground  based,  but  you  need  space  optics  multiple  ground  sites  and  so  on. 

These  ate  some  of  the  issues  that  are  to  be  addressed.  Just  talking  about  the  power  of 
the  laser  is  not  enough.  Many  other  things  have  to  be  addressed  and  they  are  not 
necessarily  sequential  issues,  but  issues  that  have  to  be  addressed.  Nobody  ever  multiplies 
difficulties  in  each  of  these  issues  and  says  everything  becomes  ten  times  difficult.  The 
point  is  that  each  one  of  the  technologies  has  its  own  problems.  On  this  slide,  I  list,  in 
a  rough  order  of  magnitude,  how  much  improvement  is  necessary  for  various  lasers  to  be  able 
to  do  the  kind  of  job  that  is  required  in  SDI  and  the  order  of  magnitude  improvement  goes 
from,  one  to  many,  depending  upon  which  specific  technique  you  talk  about.  There  are 
supporting  technologies,  phase  correction,  multiple  aperature  telescopes,  aberration 
corrections,  and  so  on. 

One  of  the  things  you'll  notice,  is  that  mirror  coatings  have  reached  a  point  where  we 
have  the  kind  of  mirrors  that  you  need  for  handling  the  very  large  powers  that  will  be 
required.  Getting  away  from  lasers  and  talking  something  about  supporting  technologies,  one 
of  things  you  need  regardless  of  what  you  use  for  destroying  a  target  -  you've  got  to  find 
the  target  -  you've  got  to  track  the  missile  -  you've  got  to  have  precision  tracking  and  in 
the  mid-course  you  need  some  sort  of  interactive  discrimination.  As  far  as  detecting  the 
launch,  it's  fairly  easy.  The  plume  emission  is  very  large,  I  mentioned,  very  bright,  and 
to  miss  is  imipossible.  The  problem  is  not  so  much  that  you  can  identify  a  launch,  the 
question  is  how  you  find  the  target  in  a  plume.  The  plume  tends  have  to  be  enormously  large 
compared  to  the  target  that  you  are  trying  to  find  and,  what  you  need  there,  is  some  sort  of 
interactive  discrimination,  using  lasers  or  some  other  technique.  I  will  just  give  you  a 
couple  of  insights  from  a  recent  DSB  Task  Force  report. 

These  conclusions  are  also  found  in  the  APS  report.  It  says  precision  tracking  is 
uncertain  at  the  present  time,  implying  that  a  substantial  amount  of  work  has  to  be  done. 

The  same  is  true  about  discrimination.  There  are  serious  questions  about  discrimination 
between  the  RV  and  anything  other  than  the  most  simplest  kinds  of  decoys. 

Finally,  we  talk  about  survivability.  The  DSB  task  force  talked  about  the  space  based 
kinetic  energy  vehicles  and  the  APS  report  talks  about  other  space  based  systems.  One  of 
the  key  points  is  that  these  are,  in  fact,  very  vulnerable  to  attack  from  ground  based 
lasers  during  the  peacetime  and  I  think  that  is  something  that  one  has  to  worry  about.  Khat 
I've  given  you  here  is  a  very  brief  outline  of  what  the  report  says  -  again,  I  repeat,  it 
doesn't  say  something  v/ill  or  will  not  work  -  it  does  not  say  why  SDI  should  or  should  not 
be  pursued  -  what  it  says,  in  as  an  objective  way,  as  possible,  is  that  there  are  a  number 
of  issues  which  need  to  be  addressed  and  whether  we  address  them  or  not,  is  going  to  be 
determined  by  our  desire  to  get  to  a  defense  that  we  need.  Thank  you  very  much. 

Prof.  Sproull; 

Thank  you  Dr.  Patel.  Dr.  Seka  works  at  the  University  of  Rochester  on  laser  fusion  on 
the  interactions  between  intense  pulses  of  laser  light  and  plasmas. 

Dr.  Seka: 

Thank  you  very  much.  I  suppose  I'm  somewhat  of  an  outsider,  being  from  laser  fusion, 
and  not  being  involved  in  any  direct  SDI  projects  at  all.  As  such  I  represent,  perhaps. 
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nore  the  university  point  of  view  than  anybody  else.  I  would  like  to  talk  a  little  bit 
about  some  aspects  of  the  SDI  program,  as  I  see  it.  Then  on  some  of  the  more  technical 
problems  that  I  see,  and,  finally,  address  some  of  the  problems  that  are  outside  purely 
technical  ones.  Most  of  the  technical  problems  have  already  been  addressed  both  here  and 
during  the  last  several  days.  The  essential  part,  of  course,  is  that  lasers  in  various 
synchronizations  are  going  to  play  an  important  role  in  any  kind  of  SDI  program,  beginning 
in  a  boost  phase,  post-boost  phase  and  mid  course  phase.  There  are  lidars,  laser  radars, 
directed  energy  weapons  and  some  other  things  that  I  feel  are  important. 

To  start,  although  I'm  not  a  particular  fan  or  enthusiast  of  SDI,  I  certainly  am  not  an 
opponent  to  doing  relevant  research.  But  having  listened  the  last  two  and  a  half  days  to 
SDI  talks,  I  was  struck  by  the  incredible  optimism  of  the  progress  that  was  relayed  to  this 
audience.  Yesterday  gave  me  the  impression  that  there  wasn't  much  left  beyond  development 
of  deployment  decisions.  This  morning,  fortunately,  some  of  this  was  mitigated  a  little 
bit.  Coming  from  the  laser  fusion,  as  I  do,  whenever  you  hear  the  drums  of  success  roll 
real  loudly,  you  have  a  good  measure  of  skepticism.  You  ask  yourself  an  immediate  question. 
What  is  happening  in  Washington?  Is  it  perhaps  budget  time  or  something  like  it?  So  I  would 
like  to  ignore  some  of  this  euphoria  about  the  success  and  start  from  an  outsider's 
viewpoint  of  the  way  I  see  SDI  and  the  great  problems  involved  in  it.  First  and  foremost, 
how  are  you  going  to  track  targets  of  meter  dimensions  over  thousands  of  kilometers 
distance,  which  relates  to  a  better  than  .01  microradiant  tracking  accuracy  -  typically  30 
nanorad i ans? 

Now,  that  is  a  very  tall  order  for  anybody  who  works  in  a  laboratory  with  a  rather 
advanced  laser,  where  ten  times  that  kind  of  precision  is  somewhat  difficult  to  come  by. 

Of  course,  one  has  to  discriminate  between  decoys  and  targets.  In  reading  the  APS  report 
rather  carefully,  I  noticed  that  there  wasn’t  an  awful  lot  said  about  it.  So  I  proceeded  to 
just  look  at  what  you  do  with  a  laser  to  detect  the  kind  of  motions  that  you  could  impart  on 
a  decoy  with  another  somewhat  more  powerful  laser.  In  the  APS  report  that  is  given  as  a 
typical  number  of  ten  centimeters  per  second  change  in  velocity.  Now,  if  you  were  to  just 
use  a  simple  interferometer  for  heterodyne  detection,  you  could  certainly  do  that  with  a 
laser,  but  you  would  have  to  have  a  band  width  well  below  a  megahertz  band  over  millisecond 
periods  of  time.  Those  are  certainly,  again,  very  tall  orders  because  you  still  need 
kilowatt  powers  and,  as  Kumar  just  told  me,  you  also  would  need  thousands  of  platforms  in 
order  to  do  this  job.  So,  that  is  pretty  much  ruled  out. 

So  you  wonder.  How  do  you  do  it?  Since  it  is  obviously  not  in  the  open  literature,  the 
various  problems  associated  with  atmospheric  propagation  of  the  laser  beam  have  been 
discussed  a  number  of  times  already,  and  it  sounds  like  turbulence  is  reasonably  in  hand.  I 
don't  think  thermal  blooming  is  nearly  as  clear.  I'd  like  to  point  out  somewhat  later  that 
there  may  be  some  problems  when  you  have  real  beams,  high  power  beams,  that  are  actually 
aberration  corrected  in  the  far  field.  I  was  extremely  impressed  with  the  report  of  mirror 
phasing  using  phase  conjugation  actually  inside  the  laser,  on  the  ground.  Now  that  looks 
like  a  very  good  way  of  doing  it  and  I  think  that  will  work  very  well  for  the  ground  based 
mirrors.  I'm  wondering  whether  anything  like  that  can  actually  be  applied  to  the  mirrors  up 
in  space  the  first  relay  mirror  being  typically  in  a  geo-stationary  orbit  at  40,000 
kilometers,  which  is  less  than  a  half  a  second  time  of  flight  for  photons.  I  don't  know 
whether  any  phase  conjugation  technique  is  going  to  work  for  that. 

Now,  I'd  like  to  go  from  the  sublime  of  the  expectations  of  SDI  lasers  and  SDI  optics  to 
the  ridiculous.  Namely,  what  you  have  in  a  large  laser  facility  as  we  have  at  our 

university,  i.e,  a  multi-kilojoule  mu  1 1 i- ter awa 1 1  facility  in  the  infrared,  as  well,  as  the 

ultraviolet.  If  you  show  the  first  viewgraph  you  can  see  what  this  looks  like.  It  is  not  a 
very  small  facility.  It  is  used  for  laser  fusion  experiments  and  this  is  it.  You're 
looking  at  the  output  during  an  actual  shot  where  we  convert  the  infrared  in  the  nonlinear 
crystals  to  the  ultraviolet  with  high  efficiency  and  then  illuminate  our  targets,  evaporate 
them  and  use  the  rocket  motion,  that  we  talked  earlier, to  actually  compress  them.  Now,  what 
are  some  of  the  problems  that  we  encounter?  This  laser  is  not  a  stand-alone  laser.  It 
requires  careful  attention  at  all  times.  It  is  not  a  hands  off  laser.  It  has  a  lot  of 
maintenance  time  and  maintenance  cost  involved  in  keeping  this  laser  going,  but  it  does 
operate  several  times  a  week,  as  often  as  we  can,  with  the  limited  manpower  we  have. 

The  performance  characteristics  of  this  laser  are  not  really  bad  and  in  the  next  picture 

you  can  see  what  a  typical  beam  actually  looks  like.  What  you  do  see  here  actually  is  a 

phase  front  diagnostic  of  it  where  we  have  done  interferometry  on  the  laser  beam.  We  have 

imposed  high  frequency  background  field  fringes,  we  have  gotten  into  the  Fourier  transform 
plane  and  cut  off  the  side  lobes  of  the  Fourier  transform  plane  -  this  is  shown  in  the  lower 
left  -  while  the  two  side  lobes  contain  all  the  information  about  the  phase.  If  you 

separate  one  of  those  side  lobes,  and  transform  it  back,  you  obtain  a  phase  front  -a 

detailed  phase  front  with  an  accuracy  of  about  lambda  over  fifty  and  that  can  still  be 
improved.  What  you  see  is  that  we  have  a  laser  beam  with  a  fairly  good  phase  front  of 
maximum  distortion  of  one  wave  in  infrared  but  corresponding  to  a  roughly  two  to  three  times 


1163 


the  diffraction  liirited  spot.  Now  you  go  into  the  ultraviolet  as  we  do  and  that  immediately 
transforms  into  6  to  9  times  the  diffraction  limit.  Then  you're  in  great  trouble. 

As  you  can  see  in  the  next  image  on  the  left  side  there's  actually  a  calculated  image 
using  the  phase  information  that  you  just  saw  in  an  actual  near  field  distribution  which  is 
extremely  uniform  and  you  see  a  fairly  benign  looking  far  field  in  the  infrared.  in  the 
ultraviolet  it  is  totally  broken  up.  Now  that  is  not  actually  a  far  field,  it  is  an 
intermediate  field,  this  is  where  we  typically  use  the  laser  on  target.  Put  this  is  a 
realistic  thing  that  may  actually  be  obtained  in  the  lower  atmosphere  when  you  make  phase 
front  corrections  for  turbulence.  In  the  near  field,  the  lower  atmosphere  you  will  have 
very  high  intensity  perturbations  and  you  may  find  yourself  with  intensities  that  may  go 
beyond  Raman  limits  or  may  be  very  difficult  to  deal  with  thermal  blooming.  Now  putting 
these  together,  I  am  quite  convinced  given  the  progress  that  has  been  reported  as  such  that 
the  basic  requirements  for  SDI  laser  and  optics  will  probably  be  met  before  too  long.  I 
have  no  doubt  about  that. 

But  when  you  look  at  this  in  the  context  of  the  actual  numbers  required,  namely,  many 
tens  of  laser  stations,  three  times  as  many  ground  telescopes  and  all  of  them  working  for 
extended  periods  of  time  in  a  coalescent  mode  and  then  all  of  the  sudden  being  readied  for 
working  in  full  operation.  It  is  extremiely  difficult  for  me  to  see  how  that  can  work.  Now, 
from  the  viewpoint  of  somebody  who  does  not  work  in  the  SDI  office  or  with  any  SDI  projects 
it  seems  like  the  reports  in  the  press  indicate  a  rather  strong  stress  on  near-term  goals 
for  SDI,  which  certainly  has  a  lot  of  prestige  in  the  public,  and  for  political  purposes. 

As  a  cynic,  I  would  say  that  maximizes  the  political  and  corporate  profits  but  perhaps  has 
some  problems.  One  of  the  problems  that  I  see  is  that  it  maximizes  the  effort  in  the 
industrial  sector  and  somewhat  minimizes  the  effort  in  the  university  sector  which,  after 
all,  is  tasked  v/ith  producing  the  necessary  future  generations  of  scientists,  and  that  is  a 
real  concern.  We  do  have  to  have  enough  people  who  do  get  their  degrees  and  will  be  able  to 
produce  effectively  early  next  century. 

Finally,  another  concern  which,  again,  is  somewhat  off  is  that  if  we  did  succeed  in  the 
near  term  through  some  kind  of  crash  program  in  putting  a  moderately  effective  shield  into 
the  sky  will  it  be  there  to  protect  the  viable  economy  and  a  v/orthwhile  standard  of  living? 
That  is  a  real  concern.  Thank  you. 

Prof.  Sproull; 

Thank  you  very  much.  The  next  speaker  obviously  needs  no  introduction  but  I  might  point 
out  that  I  think  it  was  William  Sears  or  Arthur  Kantrowitz  who  many  years  ago  said  that  you 
didn't  have  to  speculate  on  whether  the  martians  had  landed  on  earth  or  not  -  of  course  they 
had  landed  and  the  proof  was  that  an  outrageously  competent  group  of  people  all  emanated 
from  Hungary  at  about  the  some  time  -  von  Karman,  Von  Neumann,  Wigner  and  Edward  Teller 
among  others.  My  pleasure  to  introduce  Dr.  Teller... 

Dr.  Teller: 

Thank  you  for  your  kind  words.  Actually  when  von  Karman  leaked  the  secret  information 
about  Mars,  he  added  that  the  most  important  member  of  the  group  was  Zsa  Zsa 
Gabor . (Laughter) . 

I  am  very  happy  to  be  here.  Right  now  I  did  not  come  all  the  way  from  mars,  but  from 
another  very  strange  place,  Washington,  D.C.  Yesterday,  the  treaty  on  Intermediate-Range 
Nuclear  Force  (INF)  was  signed.  Verification  raises  a  difficult  question  concerning  any 
treaty,  between  an  open  society  and  a  closed  society.  Therefore,  such  treaties  are  of 
necessity  unequal.  But  the  treaty  that  was  just  signed  would  elim.inate  400  missiles 
carrying  1,200  separate  atomic  explosives.  There  is  a  reasonably  good  chance  that  most  of 
them  will  be  eliminated.  Such  a  treaty,  even  if  it  is  not  perfect,  can  still  be  very 
usef  u 1  . 

The  situation  with  the  Strategic  Defense  Initiative  (SDI)  is  similar.  It  is  wrong  to 
postulate  that  SDI  won't  work  unless  it  works  completely.  It  is  wrong  to  postulate  that 
arms  reduction  won't  work  unless  it  work  completely.  Arms  reduction  together  \;ith  SDI  has 
an  incomparably  better  chance  because  the  danger  due  to  incomplete  verification  is 
decreased.  Similarly,  SDI  together  with  arms  reduction  will  be  easier  because  the  expected 
attack  will  be  on  a  smaller  scale. 

A  second  introductory  point  I  would  like  to  make  is  about  secrecy.  We  know  that  the 
Soviets  have  not  only  gone  ahead  with  SDI,  as  Gorbachev  has  now  stated;  but  we  also  know 
that  they  have  vastly  outspent  us  on  lasers.  We  know  that  they  are  deploying  laser 
installations.  Unfortunately,  we  do  not  publish  what  we  know.  We,  in  turn,  have  made  a 
great  deal  of  progress  in  X-ray  lasers.  We  also  have  remarkable  results  in  laser  fusion 
(not  connected  with  SDI).  Unfort unately ,  these  results  are  secret  and  I  cannot  report  on 
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then)  to  you. 

We  should  all  work  together  in  demanding  openness  in  long-term  scientific  research. 
Secrecy  in  science  does  not  work.  Withholding  information  does  more  damage  to  us  than  to  our 
competitors.  Even  in  technical  matters  applied  to  defense,  secrecy  is  of  limited  value;  in 
many  cases,  it  merely  forces  our  opponents  to  spend  a  little  more  effort  on  espionage.  We 
should  try  to  bring  about  a  more  realistic  and  a  more  liberal  policy  on  secrecy. 

In  discussing  the  use  of  lasers  in  defense  and  cooperation  within  the  scientific 
community,  I  must  mention  the  thorough  study  of  the  American  Physical  Society.  One  can  be 
pessimistic  about  the  use  of  lasers  in  SDI,  but  I  am  much  more  optimistic  than  the  APS  study 
appears  to  be.  This  is  no  reason  for  me  to  object  to  the  study.  It  would  have  been, 
however,  highly  welcome  if  the  study  had  contained  more  positive  suggestions.  Doubts  in 
success  would  be  far  more  welcome  if  they  should  be  accompanied  by  novel  ideas  from  the 
intelligent  participants. 

I  want  to  start  my  objective  discussion  with  the  statement  that  lasers  can  do  anything; 
therefore,  they  can  also  be  used  for  SDI. 

VJe  now  have  a  fresh  competitor;  High  Temperature  Superconductors.  These  also  can  do 
anything;  therefore,  I  claim  that  lasers  and  high  temperature  superconductivity  can 
accomplish  everything , (Laughter) .. .  hopefully  including  applications  to  SDI.  I  would  now 
like  to  describe  to  you  a  simple  experiment  using  a  novel  superconductor  which  also  involves 
lasers . 

One  of  my  friends,  Dick  More,  and  I  have  written  a  paper  which  is  available  for  your 
inspection.  Its  title  is  "On  the  Chemistry  of  Superconductivity."  We  assume  the  main 
arguments  of  the  Bardeen-Cooper-Schr ief fer  (ECS)  theory  to  be  correct.  But  the  distances 
over  which  the  relevant  interactions  extend  are  shorter  and  the  energies  greater  than  in  the 
BCS  theory.  We  first  consider  the  ceramic  material  studied  in  Zurich  --lanthanum-copper- 
oxide.  A  Perovskite  (CuO^)  layer  is  sandwiched  between  two  neighboring  monoxide  LaO  layers. 
A  relatively  small  nuraber'^of  electrons  are  responsible  for  the  superconductivity.  These 
electrons  have  orbits  which  are  superpositions  of  Bloch  wavefuntions  with  a  high  probability 
amplitude  in  the  two  monoxide  layers  and  a  small  probability  amplitude  in  the  intervening 
Perovskite  layer.  The  quasi-momentum  values,  or  k-values,  in  one  superposition  must  be  the 
same.  Only  low  k-values  vnll  be  occupied.  The  appropriate  wave  functions  for  these 
electrons  have  relatively  low  probability  amplitudes  in  the  Perovskite  planes,  but  high 
probability  amplitudes  in  the  two  monoxide  planes.  (At  a  later  stage,  all  electron  wave 
functions  in  these  triple  sandwiches  have  to  be  superposed.) 

In  the  Perovskite  planes,  the  electrons  are  near  the  top  of  the  energy  band  and  behave 
like  positrons,  but  in  the  monoxide  planes,  they  are  near  the  bottom  of  the  energy  band  and 
behave  like  holes  or  electrons.  Hybridization  of  the  wavef unct i ons  in  the  neighboring 
layers  is  found  to  reduce  the  group  velocity  of  the  carriers,  and  this  increases  the 
strength  of  the  interaction  between  the  electrons  and  the  slow-moving  oxygen  ions.  This 
interaction  leads  to  electron  pairing  at  practically  all  temperatures  and  to  ordering  of  the 
pairs  below  the  transition  temperature  (T^) . 

In  Texas,  a  ceramic  with  a  much  higher  transition  temperature  was  found: 
y 1 1 r i um-ba r  i um-coppe r-oxyge n .  In  this  compound,  electrons  in  a  single  monoxide  layer  (CuO) 
interact  with  two  Perovskite  layers  (CuO^).  In  this  case,  the  interacting  layers  are  second 
neighbors,  with  barium  oxide  layers  intervening.  Otherwise,  the  situation  is  similar.  The 
probability  amplitudes  are  high  in  the  monoxide  layer  and  low  in  the  Perovskite  layers.  And 
the  motion  is  similar  to  that  of  electrons  in  the  monoxide  layer  but  similar  to  positrons  in 
the  Perovskite  layers.  The  velocities  are  high  in  the  Perovskite  layers  and  low  in  the 
tTonoxide  layer.  The  cancellation  of  velocities  between  the  two  types  of  layers  may  well  be 
more  complete  in  this  more  complex  compound  giving  rise  to  an  even  higher  value  of  the 
transition  temperature  (T^)  . 

I  imagine  that  there  may  be  a  special  kind  of  interaction  in  this  complex  yttrium 

compound  that  could  give  rise  to  peculiar  optical  phenomena.  A  vibration  of  oxygen  ions  of 

the  barium  oxide  layer  perpendicular  to  the  x-y  planes  should  change  the  coupling  between 
the  Perovskite  and  monoxide  layers  and  thereby  may  have  a  sensitive  influence  on  the  group 
velocities.  The  maximum  effect  would  be  obtained  if  oxygens  from  the  barium  oxide  layer 

approach  the  copper  monoxide  layer  in  a  symmetric  fashion  and  if  they  also  recede  from  it 

symmetrically.  This  will  change  the  mix  in  the  hybridized  superposition  for  the  monoxide 
and  Perovskite  layers.  For  a  given  k-value,  the  group  velocity  of  the  electrons  will 
change.  If  we  consider  a  current  carrying  stale  in  the  x-y  layer,  the  momentum  values  in 
the  x-y  layer  will  not  change  but  the  current  will  change  as  the  oxygen  ions  vibrate.  Thus, 
the  current  will  be  modulated  and  will  radiate.  At  the  same  time,  the  current  will  have  an 
effect  on  the  position  of  the  oxygen  ions. 
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The  Hamiltonian  has  a  term  proportional  to  the  square  of  the  current  I  divided  by  the 
effective  mass  of  the  electrons.  If  a  change  of  the  oxygen  positions  influences  the  nix  of 
the  wavef unct ions  in  the  neighboring  layers,  the  group  velocity  and  the  effective  mass  will 
change  as  wellj  The  result  is  a  change  in  the  equilibrium  position  of  the  oxygen  ions 
depending  on  I  .  Indeed  it  is  even  possible  to  obtain  a  current  in  the  lowest  energy  state 
as  postulated  by  Bloch  many  decades  ago,  though  this  current-carrying  state  will  have  equal 
energy  values  for  opposite  directions  of  the  current. 

One  proposed  experiment  would  be  to  excite  the  oxygen  vibration  with  the  help  of  two 
laser  beams  with  a  frequency  difference  equal  to  the  frequency  of  the  oxygen  vibration.  The 
coupling  is  the  same  as  in  the  Raman  effect.  The  result  will  be  that  the  two  original  laser 
beams  will  give  rise  to  an  infrared  radiation  whose  frequency  is  the  difference  of  the  laser 
frequencies.  The  polarization  will  be  parallel  to  the  current  and  the  intensity 
proportional  to  the  square  of  the  current.  A  similar  experiment  would  use  the  yttrium 
compound  in  a  magnetic  field.  Due  to  the  Meissner  effect,  there  will  be  electric  currents 
on  the  surface  of  the  superconducting  particles.  Excitation  of  the  copper  vibrations  will 
cause  the  emission  of  radiation.  In  order  to  enhance  the  effect,  small  particles  or  thin 
superconducting  layers  should  be  used. 

The  experiments  proposed  here  are,  of  course,  based  on  a  string  of  hypotheses.  A 
positive  result  would  provide  a  remarkable  insight  into  the  mechanism  of  high  temperature 
superconductivity.  The  results  may  be  important  in  optics  and  may  even  have  interesting 
practical  consequences  including  applications  to  SDI  . 

Prof.  Sproull; 

Thank  you.  Before  opening  up  the  session  to  all  of  us  in  the  room  to  questions  or 
comments,  I'd  like  to  give  priority  to  the  members  of  the  table  first.  Could  I  call  for 
that  please?  Anyone  wish  to  take  advantage  of  the  opportunity? 

Dt.  Hammond: 

I  might  quickly  go  through  the  points  to  indicate  some  of  the  work  that  is  ongoing,  to 
address  the  issues  raised  by  Dr.  Seka.  First  of  all,  the  issue  of  tracking  to  one  meter 
over  a  thousand  kilometers  is  indeed  the  class  of  job  which  we  have  to  do.  I  showed  in  my 
presentation  this  morning,  a  system  -  I  think  Dr.  Seka  mentioned  it  -  it’s  very  hard  to  get 
down  to  a  few  microradians  in  the  laboratory,  and  having  tried  that,  I  understand.  I  showed 
a  device,  called  the  rapid  retargeting  precision  pointing  system,  which  is,  in  fact,  a 
laboratory  device  mounted  on  one  of  the  largest  seismic  masses  in  the  U.S.,  which  seeks  to 
get  at  the  accuracies  necessary.  I  also  pointed  out  this  morning  to  a  space  experiment,  the 
star  lab  experiment. 

We  have  gone  to  space  to  get  very  long  distances  to  show  precision  pointing.  I  can't 
discuss  the  exact  ranges  which  we  achieved,  but  I  do  point  out  that  the  skylight  beam 
director  and  the  ALL  beam  director  were  generically  few  nicroradian  class  types  of  devices  - 
maybe  somewhat  greater  again,  I  can't  discuss  exact  numbers  -  but  we  are  addressing  those 
sorts  of  precisions.  With  the  discrimination  of  targets,  it  was  pointed  out  that  realizing 
velocity  changes  of  ten  centimeters  per  second  was  difficult.  I  certainly  agree  with  that 
and  it  does  impose  very  severe  band  width  constraints  on  radars.  I  personally  favor  larger 
delta  Vs  if  you  want  to  do  discrimination  in  that  manner.  Unfortunately,  I  tend  to  be 
somewhat  of  an  advocate  of  my  old  office  of  kinetic  energy  for  those  types  of 

applications.  There  are  ways  of  looking  at  ten  centimeters  per  second,  there  are  also  ways 

of  perhaps  producing  higher  delta  V's.  With  the  turbulence  issue  -I'm  glad  you  conceded 
that  turbulence  correction,  linear  corrections,  are  easy  -  we  still  have  a  ways  to  go  there. 

The  thermal  blooming  issue  and  the  interaction  with  turbulence  is,  in  fact,  one  of  the 
key  issues  that  we're  looking  at  right  now.  We  are  looking  at  it  computationally  and  we  are 
looking  very  hard,  for  ways  to  quickly  resolve  the  issue  of  thermal  blooming  instabilities. 

I  will  point  out  that  we  see  some  instabilities  that  tend  very  quickly  to  go  to  the  same 
scale  size  as  the  mesh  that  you  happen  to  be  working  on,  so  we  have  to  sort  out  a  few  things 

in  that  area,  and  I  understand  that  is  an  issue.  With  regard  to  mirrors  in  space  -  the 

issue  of  how  one  phases  or  controls  the  figure  on  mirrors  in  space  -  we  are  looking  at 
techniques  such  as  grazing  incideru^e  interf rerometry  for  phasing  such  mirrors  as  well  ns 
lasers  in  the  general  vicinity,  for  using  some  of  the  non  linear  techniques  that  we  talked 
about.  I  think  that  the  last  issue  was  basically  the  question  of  how  does  one  produce 
lasers  with  very  good  beam  qualities.  I  think  several  papers  here  have  dealt  with  issues 
such  as  Raman  beam  clean  up  methods  and  other  non  linear  techniques  for  cleaning  up  beam 
quality,  which  are  being  addressed. 

Finally,  I  would  point  out,  with  respect  to  his  comment  regarding  industry  versus 
university  and  near  versus  far  term,  that  those  are  the  tough  trades  that  one  has  to  make  in 
the  SDI  business.  However,  I  do  point  out  that  a  number  of  the  presentations  in  this 
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conference  of  very  innovative  techniques  funded  by  SDIO,  did  come  from  the  university 
env i ronment . 

Prof.  Sproull: 

Thank  you.  Any  other  comments  from  the  table? 

Lets  then  open  it  up  for  the  floor.  I'd  like  to  ask  you  two  things.  One  is,  if  you 
have  a  question,  try  to  state  it  as  loud  as  you  can  but  try  to  address  one  member  at  the 
table  and  then.  I'll  ask  that  member  at  the  table  to  rephrase  the  question  because  you  do 
not  have  microphones  out  there  and  the  tape  recording  may  not  be  able  to  hear  you.  If  you 
can't  identify  a  particular  member  of  the  table,  just  ask  your  question  anyway,  and  I  will 
try  to  do  my  best.  I  will  warn  you  in  advance  that  it's  a  low  pass  filter  and  it  might  not 
come  through  very  well.  If  you  have  a  comment,  all  I  can  suggest,  is  that  you  just  speak  up 
because  we  won't  be  able  to  translate  that.  So,  with  those  introductory  suggestions,  we're 
open  for  discussion  from  the  floor. 

QUESTION; 

Note:  This  question  was  related  to  laser  propulsion  and  why  solar  energy  appears  to  be 

ignored  in  the  SOI  program. 

Dr.  Kantrowitz; 

I  find  the  question  a  little  confusing  because,  while  laser  propulsion  was  first 
suggested  at  about  the  time  of  the  energy  embargo,  that  is  simply  a  coincidence  and  they  had 
nothing  to  do  with  each  other. 

Prof.  Sproull: 

But  could  you  address  the  second  part  of  the  question,  which  was  solar  energy? 

Dr,  Kantrowitz: 

I  could  give  you  an  example  of  where  it  might  be  useful.  If  you  make  a  very  light 
decoy,  such  as  is  frequently  proposed,  it  is  worth  noticing  that  even  the  pressure  exerted 
by  sunlight,  which  is  very  small,  is  enough  to  produce  a  measurable  change  in  the  ephemeris 
of  a  very  light  decoy.  That  is  a  conceivable  method  of  di scr imi na t ion ,  but  it  is,  perhaps, 
superceded  by  other  more  positive  ways. 

Dt.  Teller: 

For  missiles  or  for  satellites? 

Dr.  Kantrowitz: 

Even  for  decoys  that  just  come  along  with  an  RV,  solar  pressure  makes  a  difference  of 
meters  in  the  trajectory  of  a  very  light  decoy,  so  that  is  a  conceivable  discrimination. 

This  type  of  issue  is  not  alone  in  a  number  of  adventurous  directions,  which  we  now  ignore 
at  very  great  peril. 

Dr.  Lax: 

A  very  important  part  of  the  SDI  effort  is  in  laser  radars,  and  yet  the  APS  report  did 
not  address  that  question.  Would  you  comment? 

Dr.  Patel: 

We  do  talk  about  laser  radars  in  our  report,  in  terms  of  what  they  are  capable  of  doing, 
where  they  are  needed,  and  the  requirements  of  lasers  to  be  used  for  radars  in  terms  of  the 
improvement  that  is  required  in  the  known  or  presently  practiced  laser  technology.  We  don't 
go  into  the  same  sort  of  great  detail  as  we  go  through  regarding  physics  of  other  lasers, 
but  we  do,  in  fact,  discuss  this.  In  the  talks,  we  don't  talk  about  it  because  there  are, 
primarily,  other  kinds  of  things  to  talk  about.  I  missed  my  turn  earlier  to  comment  on 
other  participants  talks.  I  wish  to  apologize  for  not  having  spoken  up  at  that  time,  but  I 
do  want  to  respond  to  one  comment  Dr,  Teller  made  regarding  APS,  as  v;ell  as  academics  not 
providing  constructive  suggestions. 

I  think  that  is  just  plain  nonsense.  The  APS  report  is  neither  positive,  neither 
optimistic  nor  pessimistic.  It  is  about  as  objective  a  report  as  can  be  made.  In  fact,  if 
one  briefs  through  the  report,  we  do  point  out  possible  directions  in  which  potentials  for 
progress  lie.  In  academia,  I  am  not  a  university  person,  so  I  really  do  not  have  a  speaker 
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voice,  but  I  will  say  that  our  skeptics,  in  fact,  have  made  and  will  continue  to  make,  very 
important  contributions  to  SDI  and  SDI  related  efforts.  I  think  that's  a  charge,  which  is 
not  justified,  that  people  in  academia  would  not  contribute  to  the  SDI  effort. 

Dr.  Teller: 

I  hope  that  whenever  I  v/rite  a  report,  and  I  hope  not  to  write  many,  that  it  will  be 
most  optimistic  and  pessimistic.  Objective  reports  do  not  exist.  I  am  asking,  and  I 
continue  to  ask,  fr  more  contributions,  and  I  am  trying  to  compare  the  present  process  with 
something  I  have  seen  in  the  second  World  War,  which  at  that  time  was  very  different.  V>e 
had  our  critics  and  we  had  our  optimist,  who  believed  that  it  vjas  done  when  it  was  not  done, 
and  we  made  our  mistakes.  I  do  not  want  particularly  to  criticize,  but  I  do  believe  that 
most  of  the  suggestions  on  SDI  came  from  relatively  narrow  sources  in  the  last  four  years, 
and  I  think  that  if  I  could  be  disproved  in  a  very  formal  manner,  particularly  in  the  next 
year,  it  would  be  a  great  advantage. 

QUESTION: 

Who  are  those  narrow  sources? 

Dr.  Teller: 

The  narrow  sources  have  been  some  industrial  laboratories  and  some  government 
laboratories.  There  has  been,  for  instance,  from  the  two  weapons  laboratories  -  Los  Alamos 
and  Livermore  -  a  really  great  effort.  It  was  based  on  the  Standford  effort,  originally  on 
the  FEL,  and  that  is  obviously  a  great  contribution,  which  I  am  happy  to  acknowledge.  Let 
me  add,  that  in  accelerator  physics,  there  are  now  contributions  from  which  a  lot  will 
probably  come  out.  I  hope  that  will  be  a  very  thorough  way  to  make  my  objections 
i rrelevant . 

COMMENT: 

I  would  like  to  agree  with  Dr.  Teller  in  a  negative  way.  That  these  people,  these 
narrow  sources,  were  trained  by  skeptics  at  the  universities. 

Dr.  Teller; 

I  am  not  against  the  university. 

COMMENT; 

I  found  the  APS  report  to  be  the  only  reasonably  credible  thing  on  SDI.  I  think  Dr. 
Patel  did  a  heroic  effort,  and  to  continue  to  hear  these  criticisms  bothers  me.  I  think  it 
was  an  outstanding  effort  and  I  applaud  him  for  it.  (Applause) 

Dr.  Patel: 

Thank  you  for  the  small  number  of  supporters  we  have. 

QUESTION; 

Well,  I  have  a  quesion  which  might  get  a  bit  nasty  for  Dr.  Patel.  (Laughter)  .  Dr.  Patel 
stated  here,  and  I  think  he  also  stated  it  to  Physics  Today,  that  the  APS  report  nowhere 
says  that  SDI  won't  work.  Am  I  wrong  with  that? 

Dr.  Patel: 

...That  is  correct. 

QUESTION: 

...Right,  and  yet  a  couple  of  weeks  after  the  report  was  published,  there  were  a  number 
of  politicians  on  TV  and  all,  except  one,  stated  that  the  APS  report  concluded  that  SDI 
won't  work.  VJhar  do  you  think  about  those  misrepresentations? 

Dr.  Patel: 

...This  is  a  free  society  and  people  are  free  to  interpret  things  that  they  hear  the  way 
they  want.  The  things  that  make  news  are  not  f act s .. (Laugh ter ).. th i ng s  that  make  news  are, 
how  facts  are  twisted  to  fit  one  persons  or  another  persons  political  heart  or  some  other 
view.  The  alternative  is  not  acceptable,  namely  not  to  make  facts  available.  So,  I  neither 
feel  good  nor  bad  about  somebody  using  or  misusing  the  report. 
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I  think,  in  a  free  society  we  have  to  exercise  our  own  judgement  in  deciding  whether 
somebody  has  twisted  something,  twisted  a  given  piece  of  information  or  not.  I  think  that 
in  all  our  little  ways,  we  try  to  correct  the  misinformation  that  spreads  around.  I  have 
been  interpreted  many  times  by  newspapers,  and  I  very  clearly  state  that  if  you  want  to  find 

out  more  of  what  is  in  the  report,  read  the  report.  Do  not  look  at  excerpts  of  what's  in 

there,  because  people  will  twist  it  the  way  they  want  it. 

Dr.  Miller: 

I  think  it  was  a  heroic  effort.  I  think  the  details  of  the  report  are,  in  fact,  a  very 
good  source  of  information  on  how  various  technologies  work,  and  wh<  t  the  issues  with  them 
are.  I  think  the  APS  has  earned  a  litrle  bit  of  criticism  itself  within  the  APS,  as  an 
institution,  for  two  reasons:  There  a;  e  conclusions  within  the  report,  which  I  find,  are 

not  supported  by  the  data  in  the  report.  The  second  reason  is,  when  you  start  talking  about 

the  time  required  to  develop  various  technologies,  there  really  isn't  much  meat  in  the 
report  that  substantiates  the  time  scale  that  is  projected,  and,  that  is  subjective  and 
judgmental.  The  report  says  some  things  that  are  not  supported  in  detail.  I  think,  also, 
that  some  of  the  press  releases  from  the  APS,  which  accompanied  the  report,  do  have  a 
negative  bent  to  them,  and  are  different  to  the  details  in  the  report  itself.  Finally,  I 
think  that  some  confusion  revolves  around  these  points. 

Dr.  Patel: 

Let  me  comment  on  the  second  aspect,  which  has  to  do  with  press  releases.  The  study 
group  was  not,  and  is  not,  responsible  for  press  releases.  The  specific  press  release  that 
is  being  discussed  has  to  do  with  the  Council  Resolution.  The  Council  Resolution  is  the 
only  one  that  went  beyond  the  contents  of  the  report.  I  invite  you  to  read  the  council 
resolution  in  detail.  I  am  getting  very  upset  about  people  throwing  the  Council  Resolution 

in  my  face.  If  anybody  has  read  the  Council  Resolution,  and  not  too  many  people  have  -  I 

submit  that  less  than  one  percent  of  the  people  have  read  what  the  Council  Resolution  said  - 
it  repeated  some  of  the  conclusions  of  the  report,  and  then,  explicitly  says,  "The  council 
goes  beyond  what  is  said  in  the  report  and  this  is  what  it  is."  Now,  that  clearly  defines  a 
demarcation  line.  I  think  that  the  study  group  is  not  responsible  for  what  goes  on  there. 

So,  I  think  that  the  criticism  is  really  not  valid.  I  think  that  people  are  free  to  use 
that  as  their  needs  or  what  have  you.  The  question  about  time  scale,  is  probably,  the  one 
aspect  that  a  lot  of  judgement  went  in.  The  study  group  did  have  16  or  17  members.  The 
decade  or  so  of  the  time  scale  that  is  required  there,  doesn't  apply  to  any  specific 
technology,  but  time  required  to  assess  the  use  of  directed  energy  weapons  in  a  f'’ii  fledged 
SDI  applications.  It  is  an  evaluation  which  was  supported  unanimously,  by  17  people  from 
both  inside,  as  well  as,  outside  of  the  SDI.  It  suddenly  is  not  two  years  and  it  is  not  50 

years,  which  I  think  most  people,  if  not  all  people,  will  agree.  It  argues  that  there  is 

still  substantial  body  of  work  to  be  done  and  that  better  be  done,  before  one  jumps  into  it 
with  both  f ee t  . 

Dr.  Kantrowitz: 

Do  you  associate  yourself  with  the  position  with  the  second  part,  that  went  beyond  the 
report?  Or  do  you,  as  I  believe  Nicholas  Bloembergen  has  done,  disassociate  yourself  from 
them? 

Dr.  Patel: 

I  believe  there  is  a  letter  in  "Physics  Today",  on  record,  with  my  name  attached  to  it, 
which  says,  "That  the  study  group,"  -  I  think  that  there  are  15  signatures;  we  could  not 
reach  two  people  who  are  in  Europe  -  "which  consists  of  15  people,  do  in  fact  disassociate 
themselves  from  the  second  half  of  the  Council  Resolution."  The  study  group  made  no  effort 
to  study  those  areas  and  we  cannot  make  any  more  intelligent  conclusions  about  that,  than 
anybody  else. 

Dr.  Lax: 

I  just  want  to  make  one  comment,  since  some  of  this  touches  the  political  aspects.  The 
decision  to  do  SDI  is  a  political  one,  and  in  a  democracy,  once  a  decision  is  made  clear, 
it's  important  for  a  good  scientist  to  paticipate,  to  keep  it  honest;  otherwise,  it  is  not 
going  to  work.  As  Dr.  Teller  said,  many  of  us  have  worked  in  the  military  aspect  of  science 
and  kept  it  vibrant  and  dynamic,  and  I  think,  effective,  by  working  in  the  system,  as  well, 
as  criticizing  within  the  system,  and  by  contributing. 

Prof.  Sproull: 
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Everyone  hear  that?  It's  a  comment,  I  guess,  rather  than  a  question. 

Dr.  Teller: 

Another  comment .. (Laughter) .  I  have  tried,  and  then  again  tried,  to  be  moderate  in  my 
criticism  of  the  APS  report,  and,  also,  moderate  in  whatever  praise  I  have  for  the  APS 
report.  There  is  no  question  that  a  number  of  people,  a  prime  number  of  people,  have 
worked,  and  that's  good.  That  they  have  agreed,  I  don't  think  that  is  terribly  important. 

To  have  various  views  would  have  been  as  useful,  if  they  are  new,  if  they're  original  and  if 
they  are  illuminating.  I  do  not  want  to  try  to  push  for  making  it  look  better  or  making  it 
look  worse...  You  worked  diligently.  You  looked.  You  were  given  classified  information, 
which  is  very  important,  particularly  because  relatively  few  people  have  it.  The  main 
reason  I  talk  now,  again,  is  to  reiterate  one  of  my  requests  and  to  direct  it  at  the  APS 
and,  very  particularly,  at  the  panel  members. 

One  of  our  grave  misfortunes  is  secrecy.  I  know  that  you  have  not  been  given  all  the 
facts,  but  most  probably  what  you  have  not  been  given,  is  not  essential.  I  don't  want  to 
have  the  illusion  that  in  this  complex  system  all  secrets  have  been  released  . 

They  should  have  been,  and  I  don't  think  that  they  have  been,  and  that  is  certainly, 
most  certainly,  not  your  fault.  But,  I  believe,  having  seen  more  than,  much  more  than  the 
physics  community  has  seen,  you  could  now  do  a  very  great  service  to  speak  to  the  effort  to 
get  everything  that  you  have  seen,  out  into  the  open.  I  think  it  is  important  for 
understanding,  important  for  further  progress.  I  don't  think  that  we're  differing  on  that 
and  it  is  something  that  you  could  do. 

Dr.  Patel: 

Just  a  small  comment,  not  an  exception,  but  a  comment.  I  hope  in  Dr.  Teller's  remark, 
there  is  none  of  the  strident  view  that  is  often  held,  that  is...  "If  you  knew  what  I  know 
now,  you  wouldn't  say  what  you're  saying"...  Dr.  Teller,  I  think  your  suggestion  about  the 
lack  of  usefulness  of  secrecy  is  well  taken  and  I  think  that  we  should  all  work  towards 
reducing  it  as  much  as  we  can. 

Dr.  Teller: 

My  comment  was  that  we  have,  and  I  think  it  is  terrible,  we  have  black  projects  which 
even  you  have  not  been  taught  to.  The  point  is,  that  I  have  been  in  some  of  these  projects 
and  I  find  that  one  of  the  troubles  is  that  so  few  people  know  about  it  -that  true  judgement 
on  it  is  impossible.  And  I  think  that  we  should  all  do  something  to  get  things  out  on  the 
table  and  on  that,  at  least,  we  should  fully  agree. 

Prof.  Sproull: 

I  think  that  everyone  in  the  room  will  agree  on  that.  A  lot  of  people  working  on  black 
projects  don't  even  know  what  the  black  programs  are  all  about.  (Laughter) 

QUESTIONS: 

I  notice  quite  a  lack  of  mention  of  cost  in  the  panel  discussion,  except  for  Dr. 
Kantrowitz's  discussion  about  a  proposal  that  I  didn't  think  was  currently  being  considered. 
I  happened  to  be  talking  to  someone  during  the  break,  who  suggested  that  as  long  as  it 
doesn't  defy  any  physical  principles  any  of  these  ideas  or  concepts  should  be  possible,  if 
you  just  put  enough  time  or  manpower  toward  them.  I  would  address  to  Dr.  Teller  and  to  Dr. 
Hammond,  the  question  of  what  is  the  current  status  of  the  cost  effectiveness  for  the  cost 
consideration  opposed  to  the  technological  aspects? 

Dr.  Hammond: 

I  think  your  question  was, "What  is  the  current  status  of  examining  the  cost  associated 
with  the  various  systems  for  SDI."  I  mentioned  a  process  within  the  Pentagon  reviewing  a 
Phase  I  and  follow-on  architecture  for  SDI.  As  you  might  expect,  we  have  a  bit  more 
capability  of  estimating  cost  for  things  like  rocketry  and  things  we  have  more  experience  in 
producing.  That  was  looked  at  in  quite  a  bit  of  detail  for  the  Phase  I  systems,  but  we  also 
worked  very  hard  to  estimate,  even  knowing  there  was  quite  a  bit  of  uncertainty  in  what  the 
cost  might  be  with  the  laser  candidates  that  I  talked  about  here  earlier. 

It  is  a  very  complex  issue,  not  one  that  can  be  discussed  here,  but  we  are  not  out  of 
the  ball  park  in  terms  of  cost  associated  with  laser  systems,  vis-a-vis,  other  SDI 
alternatives.  Those  costs  are  reasonable  in  terms  of  cost  exchange  ratio  and  the  usual 
measures  of  cost  effectiveness,  and  we  are  already  looking  at  that  problem  for  lasers." 
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NOTE:  Some  20-30  minutes  of  questions  and  comments  have  been 

deleted  due  to  space  constraints. 


Prof.  Sproull: 

These  last  few  comments  have  smoked  me  out.  I  wasn't  going  to  give  a  speech 
but ,..  (Laughter )..  i f  you'll  pardon  the  chairman  from  getting  into  the  fray...  First  of  all, 
let  me  say  that  this  was  a  remarkably  patient  audience  and  a  remarkably  varied  program.  I 
don't  know  how  much  progress  we  have  made  here  in  assessing  the  maturity  of  laser  technology 
in  SDI ,  but  the  people  at  the  table  have  demonstrated  to  you  the  remarkable  richness  and 
openendedness  of  the  program.  Talks  like  Dr.  Goldman's,  Dr.  Kantrowitz's  and  Dr.  Teller's 
show  that  we  may  be  just  beginning  the  infancy  of  some  possible  programs  in  SDI.  What  I 
really  want  to  say  is  that  I  am  terribly  disturbed  about  the  future  of  SDI  (in  its  present 
format) . 

I  suspect  it  will  not  last  another  12  to  18  months.  It  is  a  political  problem  and  an 
economical  problem.  It  is  uncertain  whether  it  will  survive  the  next  election  in  a 
substantial  way.  Now  that  may  not  be  so  bad.  In  fact,  if  you  change  its  name  and  it 

becomes  a  research  program,  a  6.1  or  6.2  type  of  thing,  that  may  be  the  best  thing  that  may 

come  out.  But,  there  are  some  big  casualties  that  might  happen  with  that.  One,  vjould  be 
the  type  of  expensive  experiment.  For  example,  looking  at  a  plume  against  the  earth's 
background,  which  is  a  difficult  and  expensive  experiment,  and  was  not  really  done,  or  done 
at  all  well,  under  the  earlier  setup,  where  you  did  not  have  central  management  under  SDIO. 
You  had  the  Army  and  DAPPA  as  semi- independent  players.  Another  casualty  would  be  that  the 

program  would  go  back  to  just  developing  ingredients  of  a  ballistic  missile  defense  and  a 

strategic  defense,  more  generally,  the  way  DARPA  and  the  army  were  doing  it,  until  the 
President's  speech  in  March  of  1983. 

That  would  be  unfortunate,  because  it  would  not  allow  work  on  the  systems  aspect,  which 
is  terribly  important.  Another  aspect,  namely,  the  battle  management  and  command  control 
and  communications,  those  elements  are  desperately  important  in  our  strategic  defense  and 
were  not  being  attacked  when  there  was  not  central  management.  So,  it  would  be  a  touch  and 
go  business,  if  under  a  different  name,  the  program  could  be  kept  going.  And  I  hope  it  can, 
as  a  more  research  oriented,  long  term  program,  with  no  hurry  at  all,  unless  the  Soviet 
developments  in  defense,  which  are  very  considerable  and  formidable,  become  even  more 
considerable  and  more  formidable.  I  am  not  objecting  to  what  the  SDIO  has  done  in  the  last 
few  months.  I  think  they  needed  to  show  that  one  should  set  up  a  conceptual  system  and  show 
how  it  could  evolve  and  get  the  support  of  the  joint  chiefs  and  so  on.  I  think  that 
exercise  has  been  a  very  useful  one,  and  it  has  been  misinterpreted  as  being  early 
deployment . 

The  combination  of  such  a  program  and  drastic  reduction  on  warheads,  down  to  the  level 
of  300  to  500  for  each  of  the  major  players,  would  make  it  a  world  that  would  be  far  safr 
and  satisfactory  than  the  world  now.  It  would  be  especially  more  satisfactory  to  nations, 
such  as  France,  England,  Germany,  Australia,  even  Canada,  who  are  our  friends,  but  we  pay 
very  little  attention  to  them.  A  defense  uppermost  world,  I  think,  could  be  attained  in  the 
21st  century  in  this  way,  and  it  would  be  a  safer  and  more  satisfactory  world. 

There  is  even  a  community  now  developing  on  how  to  make  that  transition  in  a  stable  way, 
a  community  that  hadn't  raised  its'  head  above  the  grass  until  quite  recently.  (It  has 

people  from  organizations  like  Oakridge,  Rand,  and  AT&T  Labs).  They  are  beginning  to  look 

at  the  interesting  questions,  on  how  you  make  the  transition  from  a  stable  offense  dominated 
to  a  stable  defense  dominated  world,  without  going  through  a  unstable  intermediate  position. 
The  thing  that  has  worried  me  the  most,  is  that  the  natural  friends,  it  seems  to  me,  are  the 
arms  control  community  and  the  SDI  community.  Somehow  or  other  they  have  been  polarized  to 
be  enemies,  especially  on  campuses,  and  on  most  campuses,  the  whole  argument  has  been 
carried  out  at  the  bumper  sticker  level,  which  I  find  a  disgrace.  For  my  favorite 

institution,  namely,  the  university,  the  role  of  the  university  should  be  to  raise  the  level 

of  discourse  and  not  to  lower  the  level  of  discourse.  And  the  natural  friends  should  be  the 
arms  control  community  and  SDI.  Instead,  they  have  become  a  confrontation  of  confrontation 
pol i t  ics . 

So,  I  see  a  very  promising  future  for  the  combination  of  drastic  reduction  of  warheads, 
coupled  with  an  SDI  program.  A  totally  nuclear  disarmed  world  would  be,  according  to  most 
writers,  a  terrible  dangerous  world,  partly  because  of  the  cheating  threshold.  But  mostly 
because,  although  you  can  destroy  nuclear  weapons,  you  cannot  destroy  the  capacity  to  make 
nuclear  weapons  and  lots  of  countries  could  make  weapons  faster  in  their  closed  society  than 
we  could  develop  them,  if  nuclear  weapons  had  been  abolished  completely,  for  say,  a  couple 
of  decades.  There's  a  lot  more  to  the  argument  than  that.  This  is  a  poor  and 
one-dimensional  representation  of  the  argument  that  says  that  a  total  nuclear  world  would  be 
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a  dangerous  world;  nevertheless,  I  believe  it. 

So,  I  see  a  most  promising  future,  in  which  laser  technology  will  play  a  central  and 
vital  part.  I  think  that  all  of  us,  who  are  interested  in  the  laser,  should  take  pride  in 
that.  I  am  sorry  tor  the  speech.  I  never  intended  to  make  it  in  the  I irst  place.  (Applause) 

Now,  additional  questions  and  comments  or  is  it  your  pleasure  that  we  should  adjourn?... 
Seems  to  be  a  certain  amount  of  enthusiasm  for  adjournment...  Thank  you  very 
much. . . . (Applause) . 
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